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Executive Summary

Task A: High Temperature M agnetic Bearings

Al

() Design of a hyperbalic profile, thrust magnetic bearing for 1,000 Ib. force, 30,000 rpm and 1,000 °F service
compl eted.

(b) 2mil radia pressfit required to maintain contact on runner 1D at 30,000 rpm and 1,000 °F. This produces Von
Mises stress of 56,000 psi (110 percent of Hiperco 1,000 °F yield stress).

(c) Zero pressfit produces 40,000 psi peak stress (80 percent of yield).

(d) Werecommend light press (line to line) with axial preload and locknut for disc attachment.

A2

(8) Testrigretrofit concept complete and ready for fab drawing. Concept includes user friendly design for
measuring axial actuator force at any speed and temperature.

(b) Fab drawing will be make upon concept approval by NASA.

A3
(8 Seven hightemperature (HT) C coresfor aradial MB have been shipped to GRC.
(b) Present C core development focused on terminal post and thermocouple installation as part of C core.

A4
(8 Dr. Andrew Kenny performed 3D FE magnetic field analysis of HT thrust MB. Thisisincluded (A.1).

A5

(8 HT displacement sensor drive circuit under development. High degree of linearity has been achieved using
Bently probeand TAMU circuit.

(b) 3D FE magnetic field modelling employed to aid in design of HT probe.

Task B: Blade Loss Mitigation

B.1
Code developed for predicting stiffness and power loss/drag torque for isolated bearings.

B.2
MATLAB Graphical User Interface (GUI) developed for user friendly operation of codein B.1.

B.3

Dual Rotor Blade Loss Simulation Code devel oped to integrate high fidelity ball bearing/squeeze film damper
model into rotor code. Modelling capabilities will be enhanced to include 3D nonlinear ball bearing model, more
rotor and stator levels and more finite element types. Code predicts bearing temperatures and stresses and squeeze
film damper pressures along with shaft vibration.

B.4
MATLAB GUI has been developed for user friendly operation of aversion of codein B.3.

B.5

Advanced, 3D high fidelity ball bearing model has been devel oped with independent ball motions and non-linear
force deflection capahility.

NASA/CR—2003-212205 v
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¢ High Temperature Magnetic Bearing - Blade Loss M itigation
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September 27, 2002, NASA Glenn and ElectromechanicsLab

MILESTONE LIST

Task A - High Temperature Magnetic Bearings
The significant milestonelist is:
- Year 1.
* Design and Fabricate High Temp Thrust Mag Brg
* Develop position Sensor hardware and drive electronics
* Identify Flight Controller Components
* Test Expert System on High Temperature Mag. Brg.
Test Rig at GRC (HTMBTR)

-Year 2.
* Test High Temp Thrust Mag. Brg. At Temp & Speed
INHTMBTR
* Design PWM power amplifier
* ldentify components and perform component testing
for high temp. catcher brgs.
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* Test position sensorsin HTMBTR
* Construct flight ready magnetic suspension controller
at GRC
- Year 3.
* Test PWM power amplifier iInHTMBTR

* Test high temp. catcher bearingsin HTMBTR

Timeline/ Cost Estimate / Milestones

Timeline

TASK Year 1 Year 2 Year 3
Q.1 2 3 4| 0Qr.1 2 3 4| 0Qr.1 2 3

A

e HighTemp. Thrust Mag. <« >
Brg.

e High Temp. Position < >
Sensor

PWM Power Amplifier f
Flight Ready Controller < J >

High Temp Catcher Brgs.

Expert System and
Redundant Mag. Brgs

vy
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Task B - Blade Loss Mitigation
The significant milestonelist is:
- Year 1.
* Complete Squeeze film damper and rolling element
bearing modules and install in NASA/Boeing code

-Year 2.
* Finish and test benchmark code
-Year 3.
* Finish magnetic suspension module and install in
NASA/Boeing code.

Timdine/ Cost Estimate / Milestones
Timdine
TASK Year 1 Year 2 Year 3
Qr.1 2 3 4| Qr.1 2 3 4| Qr.1 2 3 4

B
e Component Models < >
e Veracity Benchmark Code < >
e Active Shaft Suspension « >
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MILESTONE LIST

Task A - High Temperature Magnetic Bearings
The significant milestonelist is:
- Year 1.
* Design and Fabricate High Temp Thrust Mag Brg
* Develop position Sensor hardware and drive electronics
* Identify Flight Controller Components
* Test Expert System on High Temperature Mag. Brg.
Test Rig at GRC (HTMBTR)

-Year 2.
* Test High Temp Thrust Mag. Brg. At Temp & Speed
INHTMBTR
* Design PWM power amplifier
* ldentify components and perform component testing
for high temp. catcher brgs.
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* Test position sensorsin HTMBTR
* Construct flight ready magnetic suspension controller
at GRC
- Year 3.
* Test PWM power amplifier iInHTMBTR

* Test high temp. catcher bearingsin HTMBTR

Timeline/ Cost Estimate / Milestones

Timeline
TASK Year 1 Year 2 Year 3
Q.1 2 3 4| Q.1 2 3 4| Qtr.1 2 3 4

A

e HighTemp. Thrust Mag. <« >

Brg.
e High Temp. Position < >
Sensor
PWM Power Amplifier f >
Flight Ready Controller < J >
High Temp Catcher Brgs.
Expert System and T
Redundant Mag. Brgs

vy
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Task B - Blade Loss Mitigation
The significant milestonelist is:
- Year 1.
* Complete Squeeze film damper and rolling element
bearing modules and install in NASA/Boeing code
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* Finish and test benchmark code
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A.1: High Temperature Electro-
Magnetic Axial Thrust Bearing

By
Waqar Mohiuddin
Dr. Alan B. Palazzolo
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Stresses Due to Rotation (Uniform Rotor Disk)

(ID = 2.0 in. and OD =5.4 in.)

Disk

Shaft

Radius Radial Stress Tangential Stress
R (in) (psi) (psi)
1.00 0.000000 46357.169
1.17 4929.946 39631.246
1.34 7521.566 34962.251
1.51 8690.042 31435.002
1.68 8912.556 28572.319
1.85 8457.724 26105.584
2.02 7486.143 23874.200
219 6098.616 21777.365
2.36 4361.004 19749.218
2.53 2317.814 17745.251
2.70 0.0000000 15734.511

Stress (psi)

50000

Stress Distribution Curve
for Uniform Disk

40000

30000

—e— Radial Stress

—s—Tang. Stress

20000

10000

’\\

0.50

1.00

1.50 2.00 2.50 3.00
Radius (inch)
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Stresses Due to Rotation (Tapered Rotor Disk)
(ID = 2.0 in. and OD = 5.4 in.)

Disk Stress Distribution Curve
on Tapered Disk
50000
Shaft
\_/ 40000 —e— Radial Stress
—=— Tang. Stress
Radius | Radial Stress | Tangential Stress fg_ 30000
R (in) (psi) (psi) Y
1 0 39324.232 ®
1.17 3097.531 33547.48 % 20000 -
1.34 5488.872 20471.724
1.51 7325.987 26390.13
1.68 8134.329 23916.253 10000
185 | 7664.754 21823.298 '/_’*‘\0\,\
2.02 6876.632 19970.536
219 | 5582173 18266.618 0 ‘ ™~
2.36 4361.953 16649.999 0.5 1 w2 2.5 3
253 | 2601.652 15077.901 Radius (in)
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Stresses Due to Rotation ( Hyperbolic Rotor Disk)

(ID =2.0 in. and OD =5.4 in.)
Disk

st LN\
A4

Radius | Radial Stress | Tangential Stress

R (in) (psi) (psi)

1.00 0.0000000 37030.064
1.17 3965.799 31662.401
1.34 6354.390 28048.832
1.51 7662.330 25395.096
1.68 8160.346 23276.181
1.85 8007.523 21447.796
2.02 7303.067 19761.450
2.19 6111.910 18122.745
2.36 4478.302 16469.427
2.53 2433.446 14759.170
2.70 0.0000000 12962.449

Stress (psi)

Stress Distribution Curve

on Hyperbolic Disk

50000

40000

N

—e— Radial Stress
—=— Tangential Stress

30000

20000

10000

0""‘0\0\‘\‘\

0.50

1.00

1.50 2.00
Radius R (inch)

2.50

3.00




G0ZZTZ-€00c—dI/VSVN

Glenn Research Center

NRA-GRC-99-02 - 1Year Milestone Review
September 27, 2002, NASA Glenn

, iy High Temperature Magnetic Bearing - Blade Loss Mitigation

Texas A&M Vibration Control
and Electromechanics Lab

von Mises Stress in Rotor Disk (Inner Diameter 6 in.)

Peak Equivalent Stress (psi)

300000

Peak Equivalent Stress Vs. Outer Diameter
(1.D.=6.0in)

250000

AISI 4

Yield

340

Strength @ Room Temp.

200000 +

150000 +—

100000

—@— @ 30,000 RPM

—e— @ 25,000 RPM

—A— @ 20,000 RPM

e

perco 27

50000 -

<

eld Strength @

T 57
Hyperco27

Yield Strength @ 700 °F

6.00

7.00

8.00

9.00

10.00

Outer Diameter (in)

11.00

12.00

13.00
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von Mises Stress in Rotor Disk (Inner Diameter 2 in.)

Peak Equivalent Stress (psi)

100000

Peak Equivalent Stress Vs. Outer Diameter
(1.D.=2.0in)

80000

Hyperco 27
Yield Strength @ Room Tenp.

60000

b 27
rypercoz

—o— @30000 RPM >/
—=— @25000 RPM /
—&— @20000RPM f 7

Yield Strength @ 7 /

40000

A ././

g
/4/ //

20000

=SS

20

3.0 4.0 5.0 6.0 7.0 8.0
Outer Diameter (in)

9.0
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Variation of Outer Diameter
with Load Capacity (I. D.= 6 in.)

Variation of Outer Diameter
with Load Capacity (I. D.= 2 in.)

For AISI 4340
By = 1.5T)

Load O.D.
(Ib-f) (in)

1000 10.98
2000 11.52
3000 12.04
4000 12.52
5000 13.00

For Hyperco 27
(Bsat = 2.0T)
Load O.D.
(Ib-f) (in)
1000 5.40
2000 6.00
3000 6.54
4000 7.04
5000 7.50
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Comparison between Handbook and ANSYS Approach
For AISI 4340 Hyperbolic Profile (with 6 in. ID Rotor)

300000

Peak Equivalent Stress Vs. Speed
where, 1.D.=6.0" and O.D.=13.0")

250000

AISI 4340

ield Strength @ Room Temp.

9

AISI 4340
Yield Strength V

200000

—#— Handbook Results

ya

150000 —*— ANSYS Results

perco 27

7z

Temp.

Peak Equivalent Stress (psi)

H
100000 Yield Strength @5%

7

50000 .
e

/

Hyperco 27

Yield Strength ® 700

O—IM

Speed (RPM)

0 3000 6000 9000 12000 15000 18000 21000 24000 27000

30000

Max. Stress Crossed
Yield Stress Limit on
ANSYS Simulation
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Effective Force on Hyperbolic Rotor

Y F yA Ft)’
1‘39/ Flat Rotor Disk Ta dr, . Hyperbolic

/ /< Rotor Disk

o

Y

|l

1

1

1

1

,

P

)
[ '
1
1
.
,:
]
]
1
]
]
\ 1
\4
-

Surface area of a disk with flat profile is Infinitesimally small surface area dA is
A= 2mdr = (b’ - a’) dA = 27r.ds
Force on the surface Force on the surface
2 2 2 2 2
Feob = B°A _B xx(b"-a’) dF " = Bdd Cos0
Y 2xp, 2xu, g 2u,

B’r
a—b a—b
Fit={ary" = :

(b* —a’)

o

In Both Cases, Forces are Same. Therefore, Hyperbolic
Shape is NOT Effecting Axial Thrust Loading



G0ZZTZ-€00c—dI/VSVN

0T

Glenn Research Center

September 27, 2002, NASA Glenn

, iy High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1Year Milestone Review

Texas A&M Vibration Control
and Electromechanics Lab

Fabrication Drawing of Thrust Rotor
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Fabrication Drawing of Thrust Stator

7 3 3 2 2 1

[ 1.2 ——

=7

IS5 GWrEWSr SHEFTD
prekeorbieiitiig il B
- R T, Y i . azaa
a B B T e rramC
; e e
P
SECTION A-A aad
CEMM Huperco 27 newe Srcﬂor
= 2 e
e

zzzzz

5 7 3 5 ) 1 i 1



G0ZZTZ-€00c—dI/VSVN

45

Glenn Research Center

September 27, 2002, NASA Glenn

, . High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1Year Milestone Review

Texas A&M Vibration Control
and Electromechanics Lab

Fabrication Drawing of Thrust Stator
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Forged Hyperco 27 Disk
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Suggested Materials for Thrust Runner

Alloy Bt Yield Strength (ksi)
Aermet 100 Alloy 1.6 >200
Oil quenched AIST 4340 2.0 100 ~ 200
Hyperco 27 2.3 52.5

FLUX DENSITY (T)

FLUX DENSITY (kG)

22 o e e ——— . R S AR et s ety DO /
Hirerco " ALLOY 27

L R . T s, | B e

AERMET * 100 ALLOY .

TUAstazao sTERY T
38.5 HRC
RN+ =, -

0.1 1 10 100
MAGNETIC FIELD STRENGTH (Oe)

1 T T
10 100 1000 10000

MAGNETIC FIELD STRENGTH (A/m)

Ref.: Les Harner, Carpenter Technologies Inc.
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DC Magnetization Curve for Hyperco 27

MAGNETIZING FORCE (AMPERE TURNS/INCH)

2.0 20 200 2000
180
ai 4 160
Nl
5 + 140
Z20 =
3 AE#“ ' -+ 120
’/~
2 ) _
g Ve a
z
s ,?ﬂr 480
= % 4
2 A 6
0
g, AN ‘
A o) Chney (oulem 40
- x Intlal R. T ; l;; &_:_o?d_-)r
/] o 3.10 9,000 100
4 * a 00T 2.16 8,150 100 20
[ T T in Tme =T
- I + r...;.'mr 3.2 10, 700 100
0
1.0 10 100 1000

MAGNETIZING FORCE (OERSTEDS)
Ref: NASA SP-3083
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Tensile Strength of Forged Hyperco 27
(Tested in Air and Argon)

Texas A&M Vibration Control
and Electromechanics Lab

sy
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—
\

e

A = 0,2% Offset Yield
@® = Ultimate Strength

I T I

0

200

400 800 800
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Block Diagram of AISI 4340 Test Set-up

Power
Amplifier

Current
Probe

Function
Generator

Test Ring

=

Flux Probe
Flux Probe
Controller
D B A
C

Spectrum Analyzer

Voltmeter
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Flux Probe Inserted into the Gap of the AISI 4340 Ring
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Set-up for Test of Magnetic Properties of AISI 4340
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Induced Flux and Voltage
with Applied Current

SETUP GRP TIME  GUAD VW 80DB CH ABCD FR 500HZ
02: 04: 18 4 CH TIME INP D6 X50 WTG H

.2 81 MAY 0 4340 NO HEA] TREAT A, COUPLED

N - 74NV A N B A P

TR AR [/
-2 IqolAo \/ \"

" Boo-PRIMARYL TURNS——|-230-SECONDARY-TLRN
M i W s LI

-1 BECONDARY OUTPUT VOLIS

1 P . ¥
__\// N\
g
—4 [INPUT VOLTAGE TO POWER |AMP

0 NORM LNX1  BASE
.0015624 SEC A -.0548 EU

D 20v

7 N 7 7
AR

AT .78im SEC .B0000
SPEC EXP N 10

Saturated Flux Density with
Applied Current of 3.25 A

SETUP GAP TIME  GUAD VW 800B CH ABCD FR 500HZ

01:53: 51 4 CH TIME INP D6 X10 NTG H
v
LIN B &V
L IN AMPERES
-10
4
B00 PRIMARY TURNS 230 SECONDARY TURNS
C 2aov

-4 BECONDARY QUTPUT VOLTS

\\\UT///’/"\\\\\Bﬁ,////FH\\\\\"J//’/’HN\\\\H’////,fﬁx\\ D 2V
-4 [INPUT VOLTAGE TO POWER AMP

0 NORM LNX1  BASE AT .78im SEC .80000
.0045624 SEC A 721 EU SPEC EXP N 10
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1-D Magnetic Circuit Analysis

* Saturation Flux Density, B,=2.0 T
Bias Current, I =15 Amps

* Gap between Rotor and Stator, s = (.02 in.
* Number of Turns Required =110

A .
\
P
’ ] N.I
A l-——l—" ._i _ll’lo 2S
L
=4
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1-D Magnetic Circuit Analysis

* Shaft Diameter, r = 2.0 in Rotor Disk
’ A L _/ Stator
 For Stator gl D% P
Inner Diameter, r,= 2.0S5 in 2AA | Electromagnetic
I3 Coils
Outer Diameter, r,= 5.6 in : AD g
* For Inner coil | . s =

Inner Diameter, r, = 3.24 in
Outer Diameter, r; = 4.08 in

* For Outer Coil
Inner Diameter, r, = 4.42 in
Outer Diameter, r;=35.26 in
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Electromagnetic FEA Simulation of Thrust Bearing

Maximum force on Hyperco27 rotor calculated with nonlinear FEA is 1211 lbs.

23/5ep/2002 165116

Surface contours: BMOD
2.934906E+000

[6_?84656E-005

L

(By Dr. Andrew Kenny)
VF VECTOR FIELDS
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Eddy Currents Generated By Rotating Thrust Runner
(At 1 rpm.)

2h/Sep 200z 21:25:06

Surface contours: JMOD
1.225201E+001

[3.251928E—DD2 \ (By Dr, Andrew Kenny)
4 WV VECTOR FIELDS
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Specification of Catcher Bearing (ZSB107J)

1. Outside Diameter: 2.4409 in.
2. Width: 1.4 cm 0.5512 in.
3. Diameter of Ball: 0.21875 in.

4. Static Capacity:

a. Radial Load: 2537 Ibf

b. Thrust Load: 3367 Ibf
5. Basic Dynamic Load Rating: 2778 1bf
6. Standard Pre-load:

a. Light: 30 1bf

b. Medium: 80 Ibf

c. Heavy: 80 Ibf



G0ZZTZ-€00c—dI/VSVN

9c

, . High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1Year Milestone Review

Glenn Research Center Texas A&M Vibration Control

September 27, 2002, NASA Glenn and Electromechanics Lab

Campbell Diagram

High Temperature Thrust MB - MNatural Freguencies vs Speed (Preload = 80lb)

. B S S —— S — .
{71 O S . e .
1000 = e = ————————————— = -

BOD[—------nmnoee T S LRI Rt EEREERERRRRR S LEIERES .

Natural Frequencies in Hz

s e S —— S ——— -

0 0s 1 15 2 25 3
Shaft Speed in rpm @
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N =538.76 H N =560.99 Hz

eeeeeeeeeeeeeeeeeeeeeee - Mode Sh 60,99 H:
eeeeeeeeeeeeeeeeeeeee - Made Shape at 536,76 Hz i

. [E_TFomward Mode

N =1040.5 Hz

eeeeeeeeeeeeeeeeeeeeeee - Mode Sh
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von Mises Stress in the Stator

STATOR-statar :: Static Modal stress STATOR-stator = Static Nodal stress

Units : psi Detormation Scale : 9912 66 Units : psi Deformation Scale : 991286
von Mises won Mises
1.030e+003 1 .030e+003
Ij 4554002 I§.4558+002
15 504e+002 L3 E0de+002
T.754e+002 7754002
5.804e+002 5 .904e+002

5 053e+002
.203e+002
353e+002
502e+002
F52e+002

1502e+002
513e+001
1 .01 0e+001

502e+002
513e+001

(5 .0538+002
.203e+002
353e+002
a02e+002
B52e+002
1
01 0e+001

!
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Deflection of Catcher Bearing Web

Azzem]-first ;; Static displacemel it
Unitz . in Deformation Scale : 52.2927

LURES
1.433e-002

l1 .314e-002
1.195e-002
1.075e-002

9.556e-003
8.362e-003

7 A67e-003
973e-003
4.778e-003

3.5842-003
.3552-003
1.1952-003
937e-032

Max. Displacement 14.33 mils
Force Applied 88Ib-f
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Rotor Containment Vessel Calculation

Polar Moment of Inertia of the Rotor Disk

from SolidWorks, Jp
9.93 x 10-3 Ib-in-sec?

At 30000 rpm, Total Disk Energy, KE

7. 1. o
= %% 9.93 x 10-3 x (3141.6)>
= 49002.81 Ib-in
Transnational Energy, KE
0.22 x KE,,
= 10780.62 1b-in

Thickness of the Containment Vessel
(from Plot),

0.3in

SHIELD THICKNESS (in)

Qi0

100

100

e

S ——s ==
e — ‘__- r b - '
=== : =-====::
— = KE=0612x10° 1n-1b =
=— = KE=2012x10% in-1b
o = KE=6012x10% In-1b =
Hi:
e B85 =
== S,
=== ST
e == =t
=== == =EIE ==
=== ==2%
E =r==TTm=E=sEsI:
- = o — - ==
" M— =
}O oL = G o
o = ; — +t
i == 5 == e
et e ——=x
~ -+ P - =
T : ====
S ———— =
3 - - - .-
= DEFINITION OF ZONES
===
y 1. SHIELD FAILURE (PERFORATION)
= 2. PERSONNEL EXCLUSION FROM AREA
3. PERSONNEL PERMITTED IN AREA
o) I—T 4. EXCESSIVE SHIELD WEIGHT
< N 3 n-r.nns
. |0?_ [94 i Ip
10° 108 107

PROJECTILE ENERGY (in-L8)
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von Mises Stress and Displacement

(Rotor ID=2.0 in., OD=5.4 in.)
Interference fit used between Shaft and Rotor is 0.0013 in.

AN

NODAL SOLUTICN

STEP=1
SUE =1
TINE=100
/EEXPANDED
SEQV [ AVG
DME =.008376
SMN =135907
SME =45918

I 2 092900 - I

13507 Z10:z0 258134 35247 42361
17464 24577 316591 38804 45918

Ecquiwv. 23tress at 30000RPHM, 0.0013" rad.intf.fit, unif.Tewmp 1000F

von Mises Stress Developed at 30000 rpm with
1000 Ib Axial Thrust Load at 1000°F
(Max. Stress 45918 Psi)
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Stress Developed with Crowned Interface of 0.0018 in.
and 0.002 in. Radial Interference

* The interface between the
rotor and shaft were
crowned.

* Center of the crown had
0.02 in. gap.

* Rest of the interface were

at 0.0018 in. interference
fit.

NODAL 30LUTION AN
STEP=1

sUB =1

TIME=100

SEQV [AVE)

DM =.004431
SMI =.1544la
AM =45307

£
I - GEE

L
.154418 10735 21470 32205 42940
5368 leloz 26837 37572 45307

Eqv. Stress w/p at 0 rpm, crowned interf. of 0.0018 in

von Mises Stress Developed at ZERO rpm
with 1000 Ib Axial Thrust Load
(Max. Stress 48307 Psi)
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Stress Developed with Crowned Interface of 0.0018 in.
and 0.002 in. Radial Interference

AN

HODAT, SOLUTION

STEP=1

SUE =1
TIME=100

SEQV [AWG)
DME =.005224
SMN =1208

SME =52564

L _____ I—
1208 12621 24033 35446 46858
6914 18327 29739 41132 22564

Egqw. Stress w/p at 30000rpm, crowned interf. of 0.0018 in

HNODAT ZOLUTION

STEP=1

SUE =1
TIME=100

SX [AVE)
RETS=1

oMx =.005112
SMN =-18720
SME =5688

4

T I—
-187z0 -13296 =7872 -2 443 2976
-1e008 -10584 -51c0 264,285 SEE8

Egqv. &tress w/p at 30000rpm, crowned interf. of 0.0018 in

von Mises Stress Developed at 30000 rpm
with 1000 Ib Axial Thrust Load
(Max. Stress 52564 Psi)

Radial Stress Developed at 30000 rpm
with 1000 Ib Axial Thrust Load
(Max. Stress 5688 Psi)
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Stress Developed in Deeply Crowned Rotor

* No interference fit between HODAL SCLUTION y \ AN
Rotor and Shaft SRR / \
TIME=100 / \\
» Stress was higher than that e neanye] y N
of flat interfaced Rotor. (will o —annns Al N
be shown in the next slide) /' /‘\ )

* Removal of material from
Rotor did not have any
positive effect on stress

A

L I—
1468 10743 20049 29295 38571
6106 15381 24657 33933 43209

Egv. #tress w/p at 30000 rpm, no radial intf.

Max. von Mises Stress Developed 43209 Psi,
with 1000 Ib Axial Thrust rotating at 30000 rpm
(Max. Stress 43209 Psi)
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Stress Developed in Rotor with NO Interference Fit (Final)

Have under-cut to counter “Internal Friction” (Shaft not Shown)

HODAL, SCLUTION AN HODAL soLwTION AN
_ AUTG 7 2002 :?bm:ioo Ausle-sz?ii
STEP:l 09:32:49 SEQY [ A7) o
3UE _1 DM = 00254
TIME=100 SMN =13Z3&
SEQV [AVGE) BMN =41352
DME =.019542
SMN =13154
S3ME =41091
Iix —_— i
b4 b4
13154 19362 255_51 31778 37987 I
16258 32467 18675 34583 41001 13238 o OIS e OV, UL I
von Mises Stress with 1000 1b thrust at von Mises Stress with 1000 1Ib thrust at
30000 rpm and room temperature 30000 rpm and 1000°F uniform temp.

(Max. Stress 41091 Psi) (Max. Stress 41352 Psi)
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Conclusion

At 30000 rpm and the diameter (9 inches) required for a 1000-1b
load capacity, Hyperco 27 disk peak stress (125000Psi) is
70000Psi, which is higher than its yield strength (52000) at 700°F.
Hence, it is impractical to use Hyperco 27 for a 6 inches inner
diameter thrust runner.

At 30000 rpm, and with the diameter (11 inches) required for a
1000 1b load capacity, AISI 4340 disk peak stress (170000 Psi) is
70000 Psi less than its yield strength (240000 Psi) at 600°F. Hence,
it should be safe to manufacture the thrust runner with AISI 4340
for 1000 Ib, 30000 rpm, 700°F application.
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Conclusion

However, in our test B_,, was identified as 1.0T. According to the
paper published by Les Harner, D. W. Dietrich and M. S.
Masteller, “An Overview of Soft Magnetic Material for Magnetic

Bearings”, the B_,, of AISI 4340 is 2.0T. Correspondence with Les
Harner did not confirm that 2.0T is realistic.

The peak stress of Hyperco disk at 6 inches of inner diameter,
20000 rpm, 700°F, and 1000 Ib load approximately equals the
yield stress. Therefore, Hyperco 27 could be used at 20000 rpm,
but that speed was below the required speed. However, safety
factor would be 1.0 or less when interference fit stress is included.
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DESIGN HIGH TEMPERATURE THRUST
MAGNETIC BEARING (TMB) TEST RIG

Dr. A.B. Palazzolo Wagar Mohiuddin Randall Tucker
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DESIGN OBJECTIVES

Design a system to test new magnetic thrust bearing design.
System will operate at:

30,000 RPM

1000° F

1000 1b axial load
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SYSTEM DESIGN REQUIREMENTS

» Provide safe design for electrical, high temperature and high rotor
speed operation.

« Ability to set catcher bearing (CB) hot

» Find sensor target voltage hot

* Maintenance friendly

* Modular -- easy assembly/disassembly

* Roller bearing cooling for both inner and outer race
* Measure critical temperatures on TMB

* Measure TMB force while shaft is rotating at speed

« TMB supported on negligible axial spring stiffness from bearing
supports
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THE EXISTING RIG

* The existing base was
designed to test radial bearing
systems

« Tests of new systems often
require alignment of all sub
components at NASA

« New TMB test rig design will
case NASA alignment
problems by using a modular
design with pre-aligned
internal components
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TMB SYSTEM

 TMB rig to be mounted
off center to allow
easier operation and
access to thrust disk

 TMB test rig will
simplify alignment
because the system will
be will be internally
pre-aligned and
partially tested before
delivery
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TMB TEST RIG

System consists of:

= ]) TMB rotor and stator
= 2 ) Shaft

= 3) Catcher bearings

* 4) Load cells

= 5) Axial rotor disk position
system

= 6) Containment housing
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STATOR ADJUSTMENT COMPONENTS

« Aligned hot

e Macor barriers to lower
heat from escaping

« Five DOF to adjust stator
position
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SHAFT ASSEMBLY
Thrust Disk supported by
sleeves to locate shaft
axially

Hot air exhaust

Rotor dynamic analysis i
complete I
o

Air blown through hollow |
shaft lowers temperature

of inner races on catcher Cool air inlet
bearings

Three balance planes
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HEATING SYSTEMS
« 1) Watlow band heaters

» 2) High temperature
insulation

» 3) Macor insulators

e Air cooling lines (not
shown)

"I
g

s
Pa—____
—
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COOLING THE SYSTEM WITH AIR
1) Cool air 1s directed into
the shaft on the outboard 2
end and exits the shaft
before reaching the shaft
coupling

2) Cool air is directed into

Texas A&M Vibration Control

September 27, 2002, NASA Glenn and Electromechanics Lab

the containment housing

3) Heated air is released | (i e s i ¢
from the housing at the ends < @& T T J
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ROTOR POSITIONING SYSTEM

1) Rotor Disk Position and : —
catcher bearing is
accomplished by threaded
nuts that push each end of the
shaft through a load cell and
bearing housing on each end

of the shaft

* By releasing one and
advancing another the thrust
disk can be accurately
positioned

« 2) Positioning arms allow the
nuts to be moved from the
outside while unit is hot. The
arms are then locked in place
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ROTOR POSITIONING CONTINUED

* With view port
safety cover
removed the gap can
been accessed during
disk repositioning

Thrust

Disk

« Three ports enable
the gap to be
accurately set hot.

Top view of outer
case, rotor disk, and

gap
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ASSEMBLY

« Components are slid in
the containment
cylinder from the ends
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SHAFT POSITIONING CONTINUED

1) High temperature
sensors directed towards
face of balance plane
detect changes in positio

2) Sensor holder is
adjustable from the
outside

L.\

3) Sensors can be set
under hot (heat soaked)
conditions to eliminate
thermal growth effects o
target position.

2,3 :
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PRIOR TO ASSEMBLY

Before assembly the thrust disk and
stator halves are checked cold to Port opening
insure that they have been
manufactured correctly.

Faces of rotor and stators contact
correctly along the pole surfaces

When the stator halves are mated with
the spacer around the thrust disk that
there is the proper clearance. (Can
check through the port opening and
using plastiguage)
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ASSEMBLY PROCEDURE

* Align the shaft/rotor in along
the axis using shims to obtain
necessary position

 Install spacers to bring the
force nuts in light
interference with the load
cells

e (Check for rattles and
structure vibration modes
near the operating speed
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ASSEMBLY PROCEDURE CONTINUED

¢ Orientation of aligned
components are marked on
the housing.

* End caps, force nuts, arms
and load cells are removed.

« The stator is positioned over
the thrust disk.

» The entire assembly is slid
into the containment cylinder

« Retaining bolts are then
installed.

* Rough position alignment of
rotor/stator is confirmed.

« Sensor and other components
that are installed from the
outside are added.
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HIGH TEMPERATURE ALIGNMENT PROCEDURE
CONTINUED

» After assembly and rough alignment the system is heat soaked
and the stator is centered around the thrust disk

» Axial stator tensioning bolts are tightened while maintaining
shaft center position using the thrust nuts.

» High temperature position sensors are brought in and checked.

» Shaft is pushed using the force nut arms to pole contact and
position sensor values recorded. Scribed marks are made on the
force nut arm locks indicating no-go areas.

All work 1s done with heat soaked conditions from the outside!
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TASKS TO BE COMPLETED AT NASA

1) Install r1g in base
unit
2) Add end support

3) Connect and align
turbine shaft

4) Three plane
balance rotor
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HIGH TEMPERATURE OPERATING PROCEDURE

Two ways the rig can be operated.

» Using only power amplifiers
and no controller

= Using a controller
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NO CONTROLLER OPERATON

85

Unit can be operated in the
no-controller mode by holding
the thrust disk in the desired
position using the thrust nuts.

No rattle space is produced by
clamping the thrust disk in
position by both ends. This
will even allow for a pre-load
that can be added to the force
produced by the coils.

Thrust disk axial position can
be varied from the center
position to immediately before
pole contact.

Threads

Arm

Thrust Nut
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CONTROLLER OPERATON

« For use with a controller the thrust nuts are positioned to
allow for a rattle space.

* The thrust nuts are moved to a position that will cause the
roller bearings to work as catcher bearings to prevent a
rub.

« Catcher bearings can be repositioned to allow controller to
apply a force to the load cells that can be recorded.
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DESIGN WORK REMAINING

* Add the wiring conduit in the module.
e Add the air cooling lines.

e Check measurements at both NASA and on parts to make
sure there are no conflicts.

* Add details to make production drawings
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SUMMARY

Safe
= Easy operation
= [ow maintenance

Cost effective
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Task A.3 : Radial High Temperature Magnetic Bearing Coil Progress

By:

Jason Preuss
Andrew Hunt
Randy Tucker

Dr. Alan Palazzolo
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Winding and Potting of High Temperature Radial Magnetic Bearing C-Cores

Figure A.3.1: Wound Figure A.3.2: View of Mold Figure A.3.3: Final Stages of
C-Core Prepared for Cross Section During Assembly Mold Assembly
Assembly into Mold
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N

Figure A.3.4: Completed C-Core Figure A.3.5: C-Cores Assembled
Ready for 1000F + Service into Bearing Housing
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12 Pole, High Temperature Magnetic Bearing Hi Pot Test at
Texas A&M University, Coils 1-6: 12/20/01 and Coil 7: 07/01/02

be DC ACT ACT Inductance
C-Core | Voltage | Current | Voltage | Current - Q*
(V) (micro-amps) (V) (micro-amps)
1 500 0 500 80 5.02 7.33
2 500 0 500 80 5.19 7.26
3 500 0 500 80 5.10 7.29
4 500 0 500 80 5.22 7.38
5 500 0 500 80 5.20 7.30
6 500 0 500 80 5.25 7.38
7 500 0 500 90 4.74 6.64
* At 60 Hz
** At 120 Hz

*** For Coils 1-6: Bearing Fully Assembled, No Rotor. Coil 7: Tested Individually
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Resistance (Ohms)

1.6

14

1.2

0.8

0.6

0.4

0.2

Figure A.3.6: Typical Plot of Resistance vs. Temperature for
High Temperature Radial Magnetic Bearing C-Cores
(Data presented here taken from coil #7, fabricated 07/01/02)
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Present Status

 Fabricated replacement c-core for failed coil in Radial HTMB (July 02).

 Fabricating two backup c-cores with the following developments:

1) Temperature probe embedded into potting for direct measurement
of coil temperature.

2) Electrical connector at wire exit of c-core to help eliminate lost
coils due wire fatigue.
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Temperature Probe for Direct Measurement of Coil Temperature

Probe Requirements: 1) Embedded and in contact with coils. T

2) 1500F + Operating Temperature
(Coils operate above 1000F ambient)
3) Resistant to EMI

Probe Type : Platinum RTD (Omega)

Probe Specs: 1) Max Temp 1562F
2) Element Potted in Ceramic
3) Class B, 100 ohm, .00385 Curve Elements

4) Better resistance to EMI compared to thermocouple

—  —
‘=..._. e R ——— = —— e T - ﬁ.ﬂ"%

Figure A.1.3.7: High Temperature RTD Probe
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High Temperature Electrical Connector

Objective: Provide electrical connector integral with potted c-core to eliminate
current problems with fatigue at wire exit.

Current Status: 1) Threaded post arrangement chosen

2) High Temperature Tests to confirm long term electrical connection:

a) Materials testing: Stainless, Inconel
b) Gold Plating

3) Machining of mold to accommodate threaded posts during potting.

#6-32 Gold Plated
‘/ Threaded Rods

<+—— Gold Plated Hex Nuts

Gold Plated Spade

Weld

Figure A.1.3.8 : Radial HTMB Electrical Connector
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Task A.4: 3D FE of HT Magnetic Thrust
Bearing

(See Section A.1)
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A.5 HT SENSOR DEVELOPMENT

Erwin Thomas, Dr. Andrew Kenny
&
Dr. Alan Palazzolo
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HT Sensor Development

HT Displacment Sensor Development

38 T T T T T T T
Supply Woltage = 18.8 %
Sensitivity=129.6 mw/mil with 95 percent confidence uncertainty of +- 2.3 percent
%6 - TAMLU Drive Circuit | Bently Sensor and Extension Cable | 2/19/02 _
Erwin Thomas |, Alan Palazzolo
34 - -
32 - —
e
=
=
o
Iicull = i
=
=
o
3
28— —
26— —
24 - -
] 1 1 1 1 1 1 1
u] 10 20 30 40 50 50 70 &0

Gap in mils
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High Temperature — High Frequency
Position Sensor Study
By
Dr. Andrew Kenny

Objective: High ratio of signal to change in distance

Approach: Examine effect of coil parameters on
coil inductance at 10 MHz with FEA model
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Eddy Currents Generated by 10 MHz Position Sensor

On Rotor Surface Just Below Rotor Surface

20/Sep /2002 17:21:57 10217:22:33 iy

V- VECTOR FIELDS
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Bias Flux Density on Rotor Surface

At DC Frequency
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Quantitative Results

(Flux passing thru center hole of coil indicates inductance)

Frequency
10 MHz
10 MHz
10 MHz
10 MHz

Mean Coil Height
0.125 in
0.100 in
0.075 in
0.050 in

Integrated Flux Density Thru Hole
5.981 nWb
5.903 nWb
5.735 nWb
5.290 nWb

Conclusion: This coil configuration is only mildly sensitive to position at this distance.
Summary: Another set of dimensions is being worked out to increase position sensitivity.
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Task B.1: 2D Isolated Ball Bearing Code

by
Guangyoung Sun, Ph.D. Candidate
and

Dr. Alan B. Palazzolo, Professor
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Objectives

* A bearing analysis code was developed based on J. M. de
Mul’s work!.

« Given bearing information (geometry, material, preload,
etc.) from vendors, the code can predict the stiffness, drag
torque and ball whirl rate for angular contact ball bearing.

» The simulation results can be used in numerical bearing
model and in power loss calculation.

1. J. M. de Mul, et al., Jan. 1989, “Equilibrium and Associated Load Distribution in Ball and Roller Bearings
Loaded in Five Degrees of Freedom While Neglecting Friction-Part I: General Theory and Application to Ball

Bearings”, ASME Journal of Tribology, Vol.111, pp.142 - 148
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Executive Summary

Radial stiffness from the code is compared to the results from two
references: an ASME paper?, BASDREL (Ball Bearing Stress
Deflection Reliability and Life written by Crawford Meek). It shows
good match with a little difference.

Ball whirl rate from the code is compared to the calculation using
Barden Brg. BPFO (Ball Pass Frequency Outer). It also shows good
match.

Drag torque from the code is compared to the result from BASDREL.
It still shows good match with a little difference.
The developed code provides reliable analysis for commercial ball

bearing model.

2. Bert R. Jorgensen and Yung C. Shin, Oct. 1997, “Dynamics of Machine Tool Spindle/Bearing Systems Under
Thermal Gorwth”, ASME Journal of Tribology, Vol.119, pp.875 - 882
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Fig.B.1.1 Generalized Schematic of Ball Bearing

(24
A

Outer Race

<

s
T

Inner Race
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Fig.B.1.2 Inner Race Coordinate Transformation

Y 5)”Fy
7y’My O Z»
(@) >5Z,F ( rp
¢) z inner groove radius
, i p( »guZ’Qz )
; /M,H
J/x,Mxl\/
A \j
X ur’Qr
5x’F;c

(a) Bearing loads and displacements (b) Cross section with contact loads
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Bearing Load Equilibrium Equations
It 1s assumed that outer race 1s fixed in housing.

 Inner race load equilibrium equations
{F}+) T'{0}, = {0}
j=1

where
{FYl ={F,F,,F,M M), {0} ={0,,0..M} and

(cos¢p sing 0 —z,8ing  z, cosg |
T'=|0 0 1 rsing —r,cosg
0 0 0 —sing cos ¢
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Bearing Load Equilibrium Equations (continued)

 Ball load equilibrium equations
F | |Qcosa,—Q,cosa, +F, | |0
F| |0Osina -0, sina, 0

* Linearized equations to use Newton-Raphson method

For 1nner race,

%) B{Q}} T{AG} = (0}

j=1 {”}T j

(6} ={x,y,z,7,,7,} and {u}=T{5}

{F}+ZT{Q}

where (" ={u ,u_,6},
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Bearing Stiffness

For ball,
[ OF, OF, |

F ov. ov. | |Av, 0
_|_ . =
F, OF, OF, | |Av, 0

| Ov, Ov, |

where v, and v, are ball locations.

* For duplex pair of bearing, the number of rows are
multiplied to the obtained radial bearing stiffness to get the
total stiffness.
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Drag Torque

« From the empirical evaluation by Palmgren?, the total drag
torque M, =M ,+M , is the sum of

M , = fF,d, : due to applied loads
M, =142E-5-f,(v,N,)’*d; : due to viscosity and speed

where f, and f, factors depending on bearing type and

lubricant, respectively, v, 1s viscosity [cst] of lubricant, N,
is IR spinning speed [rpm], d,, 1s pitch diameter, and F; 1s
external loads.

3. Tedric A. Harris, 1984, “Rolling Bearing Analysis”, 2nd Version, Wiley-Interscience



G0ZZTZ-€00c—dI/VSVN

88

iy High Temperature Magnetic Bearing - Blade Loss Mitigation
- NRA-GRC- 99-02 - 1 Year Milestone Review

Glenn Research Center Texas A&M Vibration Control

September 27, 2002, NASA Glenn and Electromechanics Lab
Ball Whirl Rate

« The rotational speed of rolling element set is

n, =%ni(l—7) [rpm]

where n; = inner race speed, n, = outer race speed
y =Dcosa/d, (D: ball diameter, a: contact angle)

 Ball whirl rate from a brg caltalogue can be calculated as
BPFO
n = n.
C Nb 1
where BPFO 1s Ball Pass Frequency Outer and N, 1s the

numbers of balls




G0ZZTZ-€00c—dI/VSVN

68

: Sy High Temperature Magnetic Bearing - Blade Loss Mitigation
“ NRA-GRC-99-02 - 1 Year Milestone Review
Glenn Research Center Texas A&M Vibration Control

September 27, 2002, NASA Glenn and Electromechanics Lab
Model Validation

* The results from the code are compared to three references:

ASME paper, BASDREL (commercialized bearing analysis
code) and Barden brg catalogue.

« Radial stiffness and drag torque
Brg specs: a, = 15 deg, d,=0.09 m, D=0.0119 m, N, =20
Loads and viscosity: F/,= 540 N, /.= 500 N, v =30 cst
Ball materials: steel or ceramic

« Ball whirl rate
Barden brg CZSB103J (brg specs are in result section)
From brg catalogue, BPFO = 6.822
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radial stiffness (N/m)

8
x 10

Fig.B.1.3 Radial bearing stiffness

(-: our code, o: ASME paper, A: BASDREL)
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drag torque (0z-in)

Fig.B.1.4 Drag torque and ball whirl rate
(-: our code, 0: BASDREL or Barden brg catalogue)
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Results

« Bearing analysis is conducted for commercial Barden ball
bearing model ( model No: CZSB103J)

Property Specification
Geometry

Bore diameter, BD 0.6693 [in]

Outside diameter, OD 1.3780 [in]

Width 0.3937 [in]

Inner and outer race groove radius, r;. ~ 0.082 and 0.0844 [in]

Number of balls 16

Diameter of a ball, D 5/32 [in]

Initial contact angle 15 [degree]
Material

Density of ball 0.11553 [Ib/in’]

Density of inner and outer race 0.2816 [Ib/in’]

Elastic modulus of ball 45E+6 [psi]

Poisson’s ratio of ball 0.26

Elastic modulus of inner and outer race ~ 30E+6 [psi]
Poisson’s ratio of inner and outer race 0.3
Lubricant viscosity 30 [cst]
Axial prelod 5,10, 20 [Ib]
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radial stiffness (Ib/in)

Fig.B.1.5 Barden ball bearing stiffness for different speeds and preloads
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Fig.B.1.6 Contact angles and loads for different speeds and preloads
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Fig.B.1.7 Drag torque and ball whirl rate for different speeds and preloads
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Summary

« The bearing analysis code 1s developed and validated by
the references.

» The code can provide reliable analysis (bearing stiffness,
drag torque and ball whirl rate) for commercial ball
bearing model.

« The obtained results can be utilized in bearing simulation
model and in power loss prediction.
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TASK B2 : GUI for 2D Isolated
Ball Bearing Code

By
Karthik Ganesan
&

Lakshmi Subramaniyam
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EXECUTIVE SUMMARY:

Dedicated code and GUI developed to produce stiffness
and power loss estimates for Isolated Ball bearing speed Vs
speed and preload
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This is the main panel. A user can load previously saved data by clicking on
“Load/Save Data” panel or enter a new set of bearing data for four categories (top four panels).
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This panel contains all the geometric information of the bearing.

A cutaway diagram is shown indicating the dimensions to the user.

Click on OK after all the geometric data is entered.
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Next panel is “Materials” which is about ball and races materials. The density, Young’s
modulus and Poisson’s ratio for steel and ceramic are referenced in the right side
corner. When finished, click OK and Close.
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In “Force/Speed” panel, the user inputs axial preload, external forces and moments applied to
inner race. There is “Help?” button, which can provide a general information of preload and
approximate preload amount according to bearing bore size. The user has to use bracket, [*]
when analyzing series of preload amounts and inner race speeds.
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Preloading is the remaoval of internal clearance in a bearing by applving a permanent thrust load to it. Freloading:

1. Eliminates radial and axial play.

2. Increases system rigidity.

3. Reduces nonrepetitive runout.

4. Lessens the difference in contact angles hetween the balls and both inner and outer races atwery high speeds.
a. Prevents hall skidding under very high acceleration.

Preload Guide

-
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Ready

Here we see a Help menu to aid in the selection of preload values
for the bearing under consideration.This feature is very helpful to the user.



G0ZZTZ-€00c—dI/VSVN

0T

High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1Year Milestone Review ‘
Glenn Research Center September 27’ 2002, NASA Glenn Texas A&M Vibration Control

and Electromechanics Lab

il

Lubricant { Drag Torque

YWiscosity (CST) IT
F1 {constant in load drag torque) | 1e-005
F2 (constant in viscous drag targue) [&

0K | CLOSE
e

The last panel is for “Lubricant/Drag Torque”, which includes viscosity of lubricant, two
factors f; and £, in Palmgren’s formula. Click OK and CLOSE when finished.
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<} Simulation Time and Run !Em

Click on run if you want to run the simulation .else hit
cancel

RUN CANCEL
/

When entering input values is done, go to main panel and click “Update and Run” panel.
When the computation is done, “Load/Save Data” panel in the next page is shown up. Find and
double click on output workspace.mat. Rename it and click Save. Click Load and “Output

panel” is shown up.

'-} Load\Save Simulation Data

Load\Save Simulation Data

Directory: CAISERSkarthik\072602rollerbearing

hemaui_ws.mat ;I
newgui_wsfile.mat
newinput.mat

autput_1.mat

output_ 2. mat

Texas A&M Vibration Control
and Electromechanics Lab

output_3.mat Filename: [output_workspace mat
autput_ 4. rat

|output_mine. rmat

outputpanel.m

avernarite.fig
. - I
nvEnwnite m

Load | Save |  Close Without Save

/'
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Output results are composed of three categories: bearing stiffness, contact angle/load,
and drag torque/ball whirl rate. The user can choose the categories.
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There are sub categories on each panel. For case of Stiffness vs. IR Speed, the user can
fill the check boxes for Axial and Radial Stiffness. Click OK and the selected
results will be plotted.
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This panel shows the plot of contact angle Vs IR speed for the inner and outer races.
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This panel shows the plot of Drag torque Vs IR speed and preload.
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Here we see the plot of Ball Whirl rate Vs IR speed.
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Here we have seen a GUI written for the 2D 1solated
Bearing Code.

FUTURE WORK :
We will soon add the following to the GUI
*Finite element Squeeze film damper model

*Thermal model
*Thermal Growth model
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B.3: Dual Rotor - High Fidelity
Bearing - Blade Out Simulation
Code (DRBB)

By
Nikhil Kaushik, Guangyoung Sun
and Dr. Alan Palazzolo
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Objectives

* Provide improved component modeling for the dual rotor
system.

» Integrate a detailed force-motion model of the squeeze film
damper and rolling element bearing modules into the
simulation code.

* Increase computational efficiency for repeated simulation
of system dynamics.



G0ZZTZ-€00c—dI/VSVN

Vit

High Temperature Magnetic Bearing - Blade Loss Mitigation W
Sl NRA-GRC-99-02 - 1Year Milestone Review ‘
Glenn Research Center S eptemb er 27, 2002, N AS A Glenn Texas A&M Vibration Control

and Electromechanics Lab

Executive Summary

* Version 1 of combined rotor/bearing blade-out code
completed. This version includes Timoshenko beam
elements and bearings with Hertzian contact stiffness
model, temperature prediction, thermal growth, ball
loading and Torsional drag features.

* Code capabilities are demonstrated on Gas Turbine Engine
Model with Power Turbine and Gas Generator taken from
L1, Dennis, 1978, “Dynamic Analysis of Complex Multi-
Level Flexible Rotor systems”, University of Virginia.

« Modal Synthesis with all component modes below 2000
Hz included. Reduced run time from 19.13 hrs to 88.48
secs for Li example executing on P3 933 MHz processor.
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Bearing and Damper Model
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Fig.B.3.1 Jet engine rotor supported on ball bearing with SFD
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Bearing Feature Summary

e 2D linearized bearing model

» Detailed squeeze film damper model based on FEM

* Bearing thermal model

1. Power loss in bearing

2. Heat transfer

3. Thermal expansion
4. Thermally Induced load
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Bearing and Damper Model
2D Linearized Bearing Model

* From the Jacobian bearing stiffness matrix in Task B.1,

n B a ]
K,==)T" 6{{55 ‘T (1, 1): Radial stiffness
L _

_ ] eto ]
K== 2T 57 |7 (3,3): Axial stiffness

» The obtained bearing stiffness 1s used in the dynamic
equations of motion.
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Bearing and Damper Model
Contact Stress in Ball Bearing

« For elliptical contact area between ball and races, the stress
at the geometric center 1s

_ 3¢
2mab

where a and b are the semimajor and semiminor axes of
the contact area, Q is the contact load.

* q and b are determined by the contact load, geometric and
material characteristics.
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Bearing and Damper Model

anti-rotation pin

lubricant
jounal
housing 4 ball
bearing

Figure B.3.2 Schematic of Typical SFD
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Bearing and Damper Model - FE SFD Model

Assuming an incompressible Newtonian fluid, Reynold’s equation
governs characteristics of fluid film between two journals as:
3
v 2Zvp |22 o
12u ot

where p is the density of fluid, % is the film thickness, y is the
viscosity, and P is the fluid pressure.

The fun i0}?al1 correspépnding to the Reynold’s equation
)

0O
J(P) = [{EZ—vP.-vP+=(ph)P'dA
o (oh)

Yiniaize JiES) )

1 Huebner, K.H., 1975, “The Finite Element Method for Engineers”, John Wiely & Sons
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Bearing and Damper Model

* Conditions:

EX1: Two Flat Square Plates with Fluid between

L=1[m],h=0.01 [m], a%ﬁ -1 [m/s], = 2E-6 [N-s/m?] and p = 12

[kg/m?]
y
P(xL)=0
L
POy)=0—>» 12174— PLy)=0
Va4 .
L

P(x,0)=0 ‘/

Figure B.3.3 Boundary Conditions

y
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Figure B.3.4 Division of One Quadrant
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Bearing and Damper Model

Pu P12 P2 P2
FEM (32) 1.6875 1.3125 1.3125 1.0312
FEM (128) 1.7468 1.3594 1.3594 1.0719
Exact Sol. 1.7692 1.3767 1.3767 1.0872
E, (32) 46% | 47% | 47% | 515%
E.(128) | 13% | 13% | 13% | 14%

Table B.3.1 FEM Results and Exact Solution?; N/m?

2 Hays, D.F., March 1963, “Squeeze Films for Rectangular Plates”, Journal of Basic Engineering,
Vol.85, No.2, pp. 243-246.
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Bearing and Damper Model

Figure B.3.5 SFD Geometry
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Figure B.3.6 SFD Boundary Conditions
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Bearing and Damper Model - FE SFD Model

* Film thickness and its derivative
h=c—xcos@—ysinf, h=-xcosf— ysinf

High Temperature Magnetic Bearing - Blade Loss Mitigation ‘

* Pressure distribution at each element

[K(e)]- {P<e>}: {S(e)}

 SFD forces are
F. Z_[Pcosé"dA , F :szinH'dA
A A

* Applying triangular FE model, FE SFD forces are

T© )
COS R +7T
F NE ,
{F} =23 (RO + PO+ P ’

) 33 (@
Sin +
R,

>A(e)
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Bearing and Damper Model

Thermally Induced Bearing Load Model
» Bearing Seizure (Lockup) Model
1. Power Losses due to drag torque —
2. Heat Transfer Network

3. Thermal Expansions

4. Thermally Induced Bearing Loads —

» Since the induced thermal load causes more power loss, this feedback
loop can cause premature bearing failure, so-called Thermally
Activated Bearing Seizure (Lockup).
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Bearing and Damper Model

Power Losses due to Drag Torque
Modified Friction (Drag) Torque

The loading drag torque is modified from Palmgren’s formula to
include thermally induced load? and dynamic load.
M,=f(Fy;+F,, +a-F,)d, : dueto applied load

M, =142E-5-f,(v,N,)”’d} :dueto IR speed and viscosity

where f; and f, factors depending on bearing type and lubricant, v, 1s
viscosity [cst] of lubricant, V, is rotor spin speed [rpm], d,, 1s pitch

diameter, F, 1s static external loads, F,, , is the thermally induced

load, £, 1s dynamic loading due to blade loss, and « is derating

factor.

3 J. L. Stein and J. F. Tu, Sept. 1994, “A State-Space Model for Monitoring Thermally Induced Preload
in Anti-Friction Spindle Bearings of High Speed Machine Tools”, ASME Journal of Dynamic Systems,
Measurement, and Control, Vol.116, pp. 373-386.
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Bearing and Damper Model

Power Losses due to Drag Torque
Power loss

Power loss can be calculated by

H=N,-(M,+M,) [ib-inss]

According to reference [4], the total heat source can be divided as
Heat source at balls: ,=0.5-H
Heat source at inner race: H,= 0.25-H

Heat source at outer race: H,= 0.25-H
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Bearing and Damper Model
Heat Transfer Network

The following assumptions are used in developing thermal model:

1. 1D radial heat transfer equations

2. Heat generation in a bearing acts on balls, IR and OR only, since
contact fluid volume 1s small.

3. Bearing and rotor are modeled as lumped heat mass elements.

4. Heat mass has the uniform temperature distribution.

5. The temperature nodes outside SFD journal are invariant (7))

during transient simulation time.
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Bearing and Damper Model
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Figure B.3.7 Temperature Nodes of Cross-Sectioned Bearing
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Bearing and Damper Model

O T

Figure B.3.8 Heat Transfer for Grease-Pack Ball Bearing
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Bearing and Damper Model

Table B.3.2 Thermal Resistances of Heat Transfer Network

Ball and Lubricant Inner Ring and Shaft QOuter Ring and SFD Journal
nr, v, V.
R ;= L ln( y j ln( / j
"k QaW, ) | g o )] R o T
T2k W, kW, " e w
Jj' e
1
Le ° ) 7 Rm = LS 3 + ! 3 Rjrcv =
kl (27W6We _ﬂnr}) ) kxﬂrs hsﬂrx 2ﬂrfth9
R, = !
nk, v,
_ RLi ’Rb /2
' R,+R,)2
_ RLe ) Rb /2
’ RLe + Rb /2
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Bearing and Damper Model

Heat Transfer Network
Bearing thermal equations are developed by
dT
mC,—=0. —
P d t Qz Qo

where m 1s thermal mass, C, 1s specific heat, and Q,  are heat flow 1n,

out. For example, the thermal equation for the inner race contact 77, 1s
dr,. T, -T T, —T
M;'Cpi Li + Li S 4 Li b _ Hi
dt R R,

Sr

Free convection coefficient is approximated by Tedric A. Harris*
h=3-(T-T,)"" [Ib-in/s-in?/°F]

4. Tedric A. Harris, 1984, “Rolling Bearing Analysis”, Wiley-Interscience
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Bearing and Damper Model

Thermal Expansions of CB Components
From Timoshenko and Goodier?,

High Temperature Magnetic Bearing - Blade Loss Mitigation ‘

* For IR and OR, the thermal expansions are determined from

_ %l

]

& (1+v,)-(AT, +AT,,)

¢ = o, (1+Ve)'7”e -(ATLe ,(2re +r)+AT.-(2r. .|_re))
3 r,+r, ’ ’ ’

« For Balls, the thermal expansion is determined from
g, =0, 1 Al
where ¢, [in/in-°F] 1s thermal expansion coeff. and v is the Poisson’s

ratio.

5 Timoshenko, S. P. and Goodier, J. N., 1987, “Theory of Elasticity”, McGraw-Hill
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Bearing and Damper Model
Thermally Induced Bearing Loads

* Assuming only elastic deformation on contact, the thermal load due to
interference change is obtained using the principle of Hertzian contact:

_ B
Eemp T kt gt

where £, 1s elastic constant of bearing, f1s 1.5 for ball bearings.

* The total interference change ¢,

1
g, =& +5(5i —&£ )cosa,

» The induced load feeds back to the thermal heat sources (drag load
torque)
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Bearing and Damper Model

Fig B.3.9 Temperature effect® on rolling element fatigue life of hot-
pressured alumina balls in five ball fatigue tester. Maximum Hertz stress,

3.79 Gpa (550 ksi); contact angle 20°

go0d |
SO

£ ““‘“-1-.
ZTRE] '
0od - \\\ L g, 509 lil)
o ™ - B
£ wool- § 800 [ E
o ] |
A Bl = | 400 | i
E B0 - E | L, _ {10 liba)
- & [ \
Ml
il 100 i | | I Lad i
a2 0l E 4 1
Soaomon i, el of mlrass oyclos

6. Erwin V. Zaretsky, 1992, “STLE Life Factors for Rolling Bearings”, STLE Publication
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Rotor Model Description
Timoshenko Beam Element’

Fig B.3.10 Beam Element
7. Przemieniecki, J.S., 1968, “Theory of Matrix Structural Analysis”, McGraw-Hill

6 DOF at each node:
Translations in the nodal x, y &
z directions ; rotations about the
nodal x, y & z axes

Assumed to be straight bar of
uniform cross section capable
of resisting axial forces,
bending moments about the 2
principal axes in the plane of its
cross section, and twisting
moments about its centroidal

axis.

Texas A&M Vibration Control
and Electromechanics Lab



G0ZZTZ-€00c—dI/VSVN

LET

High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1Year Milestone Review ‘
Glenn Research Center September 27’ 2002, NASA Glenn Texas A&M Vibration Control

and Electromechanics Lab

Rotor Model Description
Stiffness Matrix

A = cross-section area
E = Young's modulus

AE 00 0 0 0 _AE 00 0 0 0_ L = element length
L L _
) G = shear modulus
0 e 0 0 0 e 0 = 00 0 J = Torsional Moment of inertia
0 00 av 0 dy O 0 0 b 0 d 0 ai = 12EI
GJ W L(1+®)
0 00 - 00 0 00 -00 - Ll
0 0d 0 e 0 0 0o 0 f 0of (1+®)
X 0 ¢z 0 0 0 e 0 d& 0 0 0 f , (4+D)EI
e= €1 =
L(1+d
AE 0 0 000 B oo 0 0 0 0 (1+®)
L L B (2-®)EI
0 b0 0 0d& 0 a0 0 o0&l 1= Tile
0 0 b 0 o 0 0 0 a 0 < 0 12E1,
q) = sr2
o 00 -“L090 0o 00 ¥ o o0 v CGAL
L L 12EI,
0 0d 0 f# 0 0 0 < 0 e 0 . AL
| 0 <z 0 0 0 £ 0 d& 0 0 0 e g

I, = moment of inertia normal to direction 1
= shear area normal to direction [i= A / K,

. e (604 /1)") + (20 +124)(;/1,)"
Ki = shear co-efficient® = s Gy

8. Rouch, Keith, 1977, “Finite Element Analysis of Rotor Bearing Systems with Matrix Reduction”, Marquette University




G0ZZTZ-€00c—dI/VSVN

8ET

Glenn Research Center

NRA-GRC-99-02 - 1Year Milestone Review

High Temperature Magnetic Bearing - Blade Loss Mitigation ‘

September 27, 2002, NASA Glenn

Texas A&M Vibration Control
and Electromechanics Lab

S O O O O OO o o o O

[ Mt

O

Mt

S O O O O O o o o O

< o

S O O O O O o o O

)

S O O O O o o O

S O O O

=

S O O O o o O

S O O o o o

S O O O O O

Rotor Model Description

Lumped Mass Matrix
0 0 0 0 0 0] '
0 0 0 0 0 0 A = cross section area
00 0 0 00 L = elemental length
0O 0 0 0 0 0 _
0 0 0 0 0 0 11\/[;_1\2ALM ¢ of Inertia i
o 0 0 0 0 0 p ~ Mass Moment of Inertia in
M 0 0 0 0 0 x1 direction
0O Mt 0 0 0 0 [, = Mass Moment of Inertia in
0 0 M 0 00 the x2 or x3 direction
0 0 0 Ip 0 0
0 0 0 0 It 0
0 0 0 0 0 I
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Me

ai

ci

el

fi

ci

ei

Rotor Model Description
Consistent Mass Matrix

a1l = VY. *156+\¥, *36

mi mi

71 bl= ¥.*22L+¥’ *3L
. Cl= W' *4>+W’ *41’
Symmetric
di= ¥n*54-Y,*36
el = ¥, *I13L-¥, *3L
pAL/3 ﬁ — _\IJ:”_ *3L2 _LIJ,Z *L2
0 ai
0 ui Y = pAL/420
0 0 0 pIL/3 ,
0 0 -bi 0 ci Wi =Pl /30L
0 —bi 0 0 0 c| . : : .
_| 1in the transverse ith direction
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Rotor Model Description
Gyroscopic Damping Matrix

00 0 0 0 0
lo 6, 00 0 0 0 0
00 0 0 0 0
Cg =
00 0 0 0 0
0000 0 Do
o 0 0 0 -pw 0O |

[, = Mass Moment of Inertia in x1
direction
® = rotation frequency about the

I, ® 6,

Fig B.3.11 Gyroscopic Moment positive X axis
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Modal Synthesis Description

Fig B.3.12
Schematic diagram
‘ of a two Component
T Model of a structure

Definitions:

X = vector of modal coordinates for the undamped system, free vibration
modes of component 1, with interface 1-2 fixed in space

X = vector of modal coordinates for the undamped system, free vibration
modes of component 2, with interface 1-2 fixed in space

¢, = vector of Guyan retained dofs that are in component 1 & on interface 1-2

¢; = vector of Guyan retained dofs that are in component 2 & on interface 1-2

9, = vector of interior dofs that are in component 1

¢; = vector of interior dofs that are in component 2
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Modal Synthesis Description

/= vector of reaction forces acting on body 1 at interface 1-2
/7= vector of reaction forces acting on body 2 at interface 1-2
7 = vector of external forces acting at interior dofs that are in component 1
72 = vector of external forces acting at interior dofs that are in component 2
Total number of degrees of freedom in component 1 and 2 is
N! = s+ n,
N2 = s+,

System equilibrium equations may be written as:
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Modal Synthesis Description

where

1 2 1
|9 . |4, | S| i
g ={=L} g 2o _ Fl=i=r)
q, g, |1 | [
[Af: Pl ] F LA
M =[] L W ¥ |1 hleal Al i
|3, M | MM
r.- I. II:-
R _;. Lo i i \
ot AT
el 7 k! | S -
K ) K .
XL 1KY (KE T

Dependency Relations:

These relations are introduced for two purposes:

*Couple components 1 and 2

*Reduce the number of dofs by Guyan reduction and modal condensation
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Modal Synthesis Description

To couple components 1 and 2 use the interface compatibility condition

g, =L q,

The T,,, matrix has a block diagonal structure with each block being a 2 or 3
dimensional co-ordinate transformation matrix. This transforms the
displacements at junction nodes from the convention employed in
component 1 to the convention employed in component 2. Since T, 1s a

block diagonal matrix with each block being an orthogonal matrix,
Th=T)

J12 J12
The component 1 response 1s a linear combination of the undamped free

vibration modes of component 1 with the junction fixed in space, 1.e.

. i
i ,

| 17 o t

) e P L=y
i 1 | ] W a

where @, 1s the modal matrix for component 1 with the junction fixed.
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Modal Synthesis Description

The second part of the component 1 response is a linear combination of the

Guyan constraint vectors for retained dofs on the interface.
- (&' )&
I'lll I'.. A

I| ! | | -.'I_I
g i o

Therefore the deflections in component 1 are approximated by
!IF' [ L_[r' - G, |[Xe
q -!,I'I_lq"_ : "'.'r"_'

| | :
i.,l _.'..' i .I. . q,
| mian ]

where G, =—(K; ) 'K},

The uncoupled system displacements is approximated by

{0 f LA 0 || l.'.
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Modal Synthesis Description

Inserting the compatibility relationship yields

g, | |&; 1 G,

i = 4 :-\.-
la,| |01 5 o |5
..,ll' o Loty - ip
i 0! T, | 0]|=
Or q=TX
The subspace condensation transformation is substituted into the uncoupled
model EOM to obtain _
Mri+Ci+hy=J1
where M =1 M
i )
K=T"X1

f=T"F



G0ZZTZ-€00c—dI/VSVN

LT

‘ NRA-GRC-99-02 - 1Year Milestone Review
Glenn Research Center September 27’ 2002 , NASA Glenn Texas A&M Vibration Control

and Electromechanics Lab

High Temperature Magnetic Bearing - Blade Loss Mitigation ‘

Modal Synthesis Description

The force vector f contains the unknown junction forces and hence

The unknown junction forces are related by Newton's 3™ Law and the
coordinate transformation as
I7=-Tnf;
or f1==Tpuf;
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Modal Synthesis Description

The joined system force vector is

fel'l
@Yol o o]
G J i1, gi._.[e._:q;_J 5% Ii
o ‘o o) 0 |7
R— ) F .
G\ i+ TG ] 11+ 10 S
) £
Using Newton’s 3rd Law relation,
) ) 1
f=da.fr "l'_-'-f af

(@) s

which does not contain the unknown junction force.
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Description of Gas Turbine Rotor System

: FDB . AD; UM’ f -
Z( O\J IQ D mg
(Q
N%; i \J—d\\

COMPRESSOR GAS GENERATOR POWER TURBINE
TURBINE

Fig B.3.13 Two Spool Aircraft
Turbine Engine with 8 bearings’

Consists of an inner core rotor
called the power turbine, supported
to ground by 2 main bearings
located at the shaft extremities

2 intermediate differential bearings
connect the core power turbine to
the gas generator rotor.

Gas generator rotor consists of a 2
stage generator turbine which
drives an axial compressor. It is
supported to ground by rolling
element bearings at 4 locations.

9. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia

Texas A&M Vibration Control
and Electromechanics Lab
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Description of FE Model

Fig B.3.14 Two Spool Aircraft
Turbine Engine Lumped
Parameter FE Model

38 lumped masses with the
power turbine divided into 22
nodes & the gas generator
divided into 16 nodes.

Total System DOF = 228

Polar moments of inertia in the
rotors are considered only at the
turbine and compressor stages.

Bearings #0 and #4 are modeled
as High Fidelity Bearings
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Physical and Cross- sectlonal Propertles

Station | Weight | Length | Shaft Shaft Ip E*10-6
No. (Ib) (in) diaout | diain (1nA4) Lb-in"2 Lb in"2 | (Ib/in"2)
1 0.740 1.3 2.00 1.53 0.52 0.0 0.129 30.0
2 1.539 1.3 2.10 1.53 0.69 0.0 0.297 30.0
3 1.989 3.0 2.10 1.53 0.69 0.0 0.977 30.0
4 1.679 43 2.10 1.53 0.69 0.0 2.749 30.0
5 2.082 4.8 2.30 1.80 0.86 0.0 4.623 30.0
6 2.187 4.8 2.30 1.80 0.86 0.0 5.365 30.0
7 1.851 4.4 1.80 1.30 0.38 0.0 4.139 30.0
8 1.516 4.4 1.80 1.30 0.38 0.0 2.913 30.0
9 1.120 2.1 1.80 1.30 0.38 0.0 1.701 30.0
10 0.896 3.1 1.80 1.30 0.38 0.0 0.837 30.0
11 0.896 2.1 1.80 1.30 0.38 0.0 0.837 30.0
12 0.723 2.1 1.80 1.30 0.38 0.0 0.489 30.0
13 1.429 2.0 2.60 1.40 2.05 0.0 1.181 30.0
14 2.187 2.1 2.60 1.40 2.05 0.0 1.959 30.0
15 2.027 1.7 2.60 1.40 2.05 0.0 1.735 30.0
16 1.387 0.9 2.60 1.40 2.05 0.0 1.007 30.0
17 1.173 2.4 2.25 1.57 0.96 0.0 0.953 30.0
18 1.386 24 2.25 1.57 0.96 0.0 1.317 30.0
19 26.501 2.8 2.25 1.57 0.96 625.0 314.067 | 30.0
20 31.028 | 2.0 1.80 1.50 0.27 704.5 353.257 | 30.0
21 2.660 1.5 3.30 1.50 5.57 0.0 1.602 30.0
22 1.440 0.0 0.00 0.00 0.00 0.0 1.453 0.0

Table B.3.3 Lumped Parameters and Cross-sectional properties of the Power
Turbine Rotor



G0ZZTZ-€00c—dI/VSVN

¢St

Glenn Research Center

NRA-GRC-99-02 - 1Year Milestone Review

September 27, 2002, NASA Glenn

High Temperature Magnetic Bearing - Blade Loss Mitigation ‘

Texas A&M Vibration Control
and Electromechanics Lab

Physical and Cross-sectional Properties

Station | Weight | Length | Shaft Shaft I Ip It E*10-
No. (1b) (in) dia dia (in™4) (Ib — (1b- 6
outside | inside in"2) in"2) Lb/in*
2

23 0.693 3.0 2.80 2.40 1.39 0.0 1.110 30.0
24 2.270 4.3 3.05 2.45 2.48 0.0 5.048 30.0
25 9.389 4.8 11.00 10.97 7.81 111.0 65.417 30.0
26 13.514 | 4.8 11.00 10.86 35.90 297.5 182.243 | 15.0
27 7.600 4.4 11.00 10.79 53.33 301.5 215.078 | 12.8
28 11.404 (4.4 11.00 10.66 35.90 232.0 177.576 [19.3
29 3.126 2.1 3.85 2.80 7.77 117.0 86.170 27.3
30 2.691 3.1 3.39 2.90 3.01 0.0 5.078 30.0
31 1.697 2.1 3.60 3.20 3.10 0.0 3.325 30.0
32 1.270 2.1 3.60 3.20 3.10 0.0 2.307 30.0
33 1.239 2.0 3.60 3.20 3.10 0.0 2.232 30.0
34 1.010 2.1 3.60 3.35 2.08 0.0 1.840 30.0
35 0.872 1.7 3.70 3.35 3.02 0.0 1.600 30.0
36 1.108 0.9 4.20 3.35 9.09 0.0 2.039 30.0
37 27.605 |24 9.40 9.00 61.19 612.5 329.123 | 30.0
38 26.963 0.0 0.00 0.00 0.00 600.0 321.721 |30.0

Table B.3.4 Lumped Parameters and Cross-sectional properties of the Gas

Generator Rotor
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Description of Analysis

* The model was divided into the following superelements:

— Power turbine with bearing #0 and #4.
— Gas Generator with bearings ND, #1, #2 and #3.

» The intermediate shaft bearings were incorporated into the
model with 2 junction nodes.

« The component mode reduction was done in each run as
described above.
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Static Analysis

« The equation of equilibrium for static analysis can be
written as:

[K]1Q} = {F}
[K] = System stiffness matrix
{F} = Static mput force vector
{Q} = Static deflection vector for the system

» The following load case was run for the static analysis:
— 100 Ib force acting in the positive y direction at bearing #4

— 25 1b force acting downwards on the power turbine mid span and
the second stage Power turbine.

» The results show the displacement in the y direction.
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Static Analysis
Case 1:
Location Full Model (without | VCEL Modal Boeing Modal
reduction) [in] Synthesis [in] Synthesis [in]
#0 bearing 9.5337e-5 9.5332e-5 9.5332¢-5
Rotor Mid span 6.8703e-5 6.8702e-5 6.8720e-5
Second Stage Power | 0.0027 0.0027 0.0027
Turbine
#4 bearing 0.0030 0.0030 0.0030
Case 2:
Location Full Model (without | VCEL Modal Boeing Modal
reduction) [in] Synthesis [in] Synthesis [in]
#0 bearing -6.9808e-5 -7.1694e-5 -7.1009e-5
Rotor Mid span 6.4124¢e-4 6.3051e-4 6.3552¢-4
Second Stage Power | 6.5092¢-4 6.5094¢-4 6.5094¢-4
Turbine
#4 bearing 6.3262¢-4 6.3270e-4 6.3270e-4

Table B.3.5 Static Analysis Displacements (in inches)
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Undamped Modal Analysis

e The undamped normal modal frequencies and mode shapes
are extracted using the following equation:

(K] - o* [M]) [®]=0
[M] = System Mass Matrix

[®@] = Eigen vector matrix

o = Normal mode frequencies

* The gyroscopic and damping matrices are ignored for this
analysis. The modes of each rotors were obtained

independently by omitting the intermediate bearings.

* The undamped normal mode shapes below 2000 Hz were
included in the component model.
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Undamped Modal Analysis
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Fig B.3.15 Power Turbine Rotor Undamped Component Mode

1 to 510

10. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia
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Undamped Modal Analysis
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Fig B.3.16 Power Turbine Rotor Undamped Component Mode 1 to 5
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Undamped Modal Analysis
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Fig B.3.17 Power Turbine Rotor Undamped Component Mode 6 to 9'!
11. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia
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Undamped Modal Analysis
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Fig B.3.18 Power Turbine Rotor Undamped Component Mode 6 to 9
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Undamped Modal Analysis
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Fig B.3.19 Gas Generator Rotor Undamped Component Mode 1 to 52

12. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia
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Undamped Modal Analysis
N = 25902 CPM

N=10421 CPM

AN

N = 58570 CPM

PN

N =92049 CPM

N = 34685 CPM

Fig B.3.20 Gas Generator Rotor Undamped Component Mode 1 to 5
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Gyroscopic Damped Mode Shapes

« The mode shapes are generated considering the effect of
the gyroscopic and damping matrices. This 1s done using
the equation:

[A][®@] = [D] [A]
[A] = [ -]
C] = Sysltem ((:?lamping matrix including gyroscopic terms
1] = Identity matrix
(O] = Zero Matrix

[A] = Eigen values matrix (diagonal matrix)

* The 2D mode shapes show the displacement in the y
direction against the shaft length.
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Fig B.3.21 First Power Turbine Critical Speed N = 6936 RPM 3

13. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia
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Gyroscopic Damped Mode Shapes
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Fig B.3.22 2D and 3D Mode Shapes(with whirl direction) at N=6903.8 RPM
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Gyroscopic Damped Mode Shapes
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Fig B.3.23 First Power Turbine Critical Speed N = 12555 RPM4
14. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia
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Gyroscopic Damped Mode Shapes

(Gag Generator mode shape

o 10 20 30 40 50 0

o 10 20 30 40 50 0

W= 10685 RPh

Fig B.3.24 2D and 3D Mode Shapes(with whirl direction) at N=10397 RPM
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Fig B.3.25 First Power Turbine Critical Speed N =20792 RPM!3

15. Li, Dennis, 1978, “Dynamic Analysis of Complex Multi-Level Flexible Rotor Systems”, University of Virginia
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Gyroscopic Damped Mode Shapes

Gas Generatar mode shape

M= 20001 RPM

Fig B.3.26 2D and 3D Mode Shapes(with whirl direction) at N=20504 RPM
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Critical Speed Analysis

e Performed similar to the Mode Shape generation, where
the reference spin speed 1s varying.

e Loops through the Power Turbine spin speeds from 0 to
30000 rpm 1n steps of 500 rpm, calculating the eigenvalues
at each step.

» Useful to show the following system properties as a
function of shaft speed:

— Sub/super-synchronous frequencies excitable at a particular
operating speed.

— Confirms single analysis computation of critical speeds with A=i®
(®w = Spin Speed)

— Increasing separation of forward and backward whirl modes with
shaft speed.
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Critical Speed Analysis

Full Model (without reduction) VCEL Model (Component Mode Synthesis)

Natural Freguencies vs Speed Plot using FULL MODEL Natural Freguencies vs Speed Plot using COMPONENT MODE SYNTHESIS - YCEL Method
350 T T T
T T

350

i} 0s 1
Shaft Spesd in RPM ot

Fig B.3.27 Campbell Diagram - Natural Frequencies vs Speed Plot
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Steady State Harmonic Response Analysis

* The general form of the equilibrium equation 1s written as:
(-0* [M] +io[C]+[K]) {Q(w)} = {F(m)}

C]=[C,] + [G(w)]

(C,] = System Damping Matrix

(G(w)] = Gyroscopic matrix

Q(w) = Steady State Response vector

F(®) = Input forcing function

* An imbalance equivalent to 160 Ibs force at 16000 RPM
was applied to the power turbine mid-span and second
stage turbine with a phase difference of I1 rads.
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Steady State Harmonic Analysis

Full Model (without reduction) VCEL Model (Component Mode Synthesis)

w10’ Steady State Harmonic Response of the Second Stage Power Turbine w10t Steady State Response at Second Stage Power Turbine uging Component Mode Synthesis
3 3
T T T T T T T T T T

Shalt Speed in RPM " 2
&l Shaft Speed in RPM w10t

Fig B.3.28 Steady State Harmonic Response of Second Stage Power Turbine
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Transient Response Analysis
« The general system equation for the transient response
analysis 1s given by:
[M] +[C] +[K]{Q(®)} = {F(®)} + {N(D}
{F(t)} = Input forcing function vector (e.g. rotor unbalance)
{N(t)} = Non linear force vector (e.g. squeeze film damper )

* An imbalance equivalent to 160 Ibs force at 16000 RPM
was applied to the power turbine mid-span and second
stage turbine with a phase difference of I rads.

» The gas generator is run at a constant speed of 15000 rpm
and the power turbine is run at a speed of 16000 rpm.
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Transient Response Analysis -

only Linear unbalance force
Full Model (without reduction) VCEL Model (Component Mode Synthesis)
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Fig B.3.29 Transient Response of the Second Stage Power Turbine
No of revolutions = 40
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Transient Response Analysis -
only Linear unbalance force

Problem Frequency upto | Gas Generator | Power Turbine | Tine takenfor | Max

Dinension whichnodes | Mbdes Modkes 40revolutions | Displacerment at
retained Retained Retained Power Turbine
2 Stage (inch)

D 400 Hz 4 5 2697 secs 6.6364

38 600 Hz 6 7 27.02 secs 6.972E4

4 1000 Hz 10 11 3411 secs 693564

74 2000 Hz 15 16 8848 secs 681764

456 Al Al Al 19.13hrs 6.816E4

Table B.3.6 Transient Response Results - Time Savings

* Indicates Physical Co-ordinate Solution
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Transient Response Analysis -
only Linear unbalance force

600

I I
—— Max Bearing Force on Power Turbine Bearing #1
—— Max Bearing Force on Power Turhine Bearing #1
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400 —

ce in lbs

il
= 300 -
4=

200+

100+

0

1 | | | 1 1 1 1 |
0 20 40 60 80 100 120 140 160 180 200
Unbalance in gm - in

Fig B.3.30 Max Power Turbine Bearing Force vs Unbalance
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Transient Response Analysis
Equivalent Imbalance force ~ 3000 lbs (@ 16000 RPM

Power Turbine Bearing #1

Bearing Force at Power Tutbine Bearing #1 without Rub

Power Turbine Bearing #2
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Fig B.3.31 Max Bearing Force vs Time at the Power Turbine Bearings
No of revolutions = 50

Texas A&M Vibration Control
and Electromechanics Lab
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Transient Response Analysis - Including Rub

* An imbalance equivalent to 3000 Ibs force at 16000 RPM
was applied to the power turbine mid-span and second
stage turbine with a phase difference of I1 rads.

* Rub was included by using a clearance of 0.01” at the rub
node.

« (Gas generator 1s run at a constant speed of 15000 rpm and
the power turbine is run at a speed of 16000 rpm.

» Contact Stiffness = 250,000 Ibs/in
» Coefficient of friction = 0.1
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Transient Response Analysis - Including Rub

Displacement vs time Shaft Orbit Motion

Transient Response at Second Stage Power Turhine
0.02 T T T T T

Shaft Orbit at Second Stage Pawer Turbine

0016 - —

[ald

0.01 - =

0.005 =
e

7
il

vl
AV —

-0.005

0.015

0.0z
[1}

Everit

/

[Blade Loss

Displacement
o
|

Digplacernent in z direction

001

0021

AR

=
=

1
0.05

1
02 025

1 1 |
1 .
03 e 04 002 0015 0.01 -0.005 ] [
Displacemen it in y direction

No of revolutions = 100

1
0.005

Fig B.3.32 Transient Response Analysis at second stage Power Turbine
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Transient Response Analysis - Including Rub

Power Turbine Bearing #1 Power Turbine Bearing #2

Bearing Force at Power Turbine Bearing #1 with Rub Bearing Force at Power Turhine Bearing #2 with Rub
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Fig B.3.33Max Bearing Force vs Time at the Power Turbine Bearings
No of revolutions = 100
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Transient Response Analysis at 16000 RPM
Including Squeeze Film Damper (SFD) Bearing

* The two main Power Turbine Bearings were modeled with
detailed squeeze film dampers.

* A comparison 1s provided between the results obtained
using damper formula and numerical finite element model
of o1l film.

* In the FE model, the coefficient matrix is determined and
assembled at staggered intervals of time to improve
computational efficiency.

* An imbalance equivalent to 1500 Ibs force at 16000 RPM
was applied at the power turbine mid span and second
stage power turbine.
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Transient Response Analysis at 16000 RPM

Including Squeeze Film Damper (SFD) Bearing
Using Formula Using FE Model
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Fig B.3.34 Displacement vs time plots at second stage Power Turbine
No of revolutions = 40
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High Temperature Magnetic Bearing - Blade Loss Mitigation ‘

Transient Response Analysis at 16000 RPM

Including Squeeze Film Damper (SFD) Bearing
Using Formula Using FE Model
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Transient Response Analysis at 16000 RPM

Including Squeeze Film Damper (SFD) Bearing
Using Formula Using FE Model
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Transient Response Analysis
Using High Fidelity 2D Linearized Bearing Model

Power turbine main bearings replaced by high fidelity
models.

Includes motions of ball and cage, forces, stresses, and
thermal expansions into the code.

Calculates temperature at 6 temperature points at each
bearing.

Ambient temperature of 80 F was used at all points.

An imbalance equivalent to 1500 lbs force at 16000 RPM

was applied at the power turbine mid span and second
stage power turbine.
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Transient Response Analysis
Using High Fidelity Linearized 2D Bearing Model

Power Turbine Bearing #1 Power Turbine Bearing #2

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee # Max Temperature ve time for Power Turbing bearing #2
125

eeeeeeeeeeeeeeeeeeee

Fig B.3.37 Max Temperature vs Time at the Power Turbine Bearings
No of revolutions = 300
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Transient Response Analysis
Using High Fidelity Linearized 2D Bearing Model

Power Turbine Bearing #1 Power Turbine Bearing #2

No of revolutions = 300
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Future Work

Add solid, plate and conical beam elements.

Develop modal synthesis and modeling capability for N components
(levels) including rotors, case, cowl, nozzle, etc. Components defined
with super elements, modes or internal element library.

Update with 3D bearing model incorporating individual ball dynamics
and stresses.

Bearing Life Prediction model.

Update to include more sophisticated rub models (Need NASA
information to define these).

Update output GUI for animation with hidden surface model motions.

Build rig in TAMU Spin Pit to measure temperatures during blade out
and compare to simulation.
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5 KW.Hr Containment Vacuum Spin Pit at TAMU

hotor

- O Bearing 1

- O Bearing 2
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Top View of Rig
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TASK B.4 : Dual Rotor - High Fidelity
Bearing -
Blade Out Simulation Code GUI

By
Karthik Ganesan

&
Lakshmi Subrmaniyam
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EXECUTIVE SUMMARY

*Version 1 of GUI for combined Bearing/ Rotor code 1s
complete.

*The Input data for the thermal option will be added in the next

version.

*The example in this GUI uses English system of units and is a
dual rotor (Power turbine,Gas generator) model.The model is
taken from Li, Dennis, 1978, “Dynamic Analysis of Complex
Multi -Level Flexible Rotor systems”, University of Virginia.
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<} Untitled !EIE

Flease enter the Bun Description of this simulation

I Dual rotor Gas Turbine Engine Model

/vDKl

In this section of the GUI all the input data 1s acquired from the user.
In the panel shown above the user enters the run description for the
current simulation run.
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<} Untitled = E3
Do yvou want to use a previously saved rotor
definition?
YES (] |
<} Untitled [_ |
PLEASE ENTER THE NUMBER OF ELEMENTS FOR
ROTOR 1
FPLEASE ENTER THE NUMBER OF ELEMENTS FOR
Fotor 1 ROTOR 2
= Fotar 2
IRE]
Ok | [=].9 |

Here the user can select if he wants to use a previously saved

rotor definition or define a new set of rotors. If “NQO”1s clicked

then the user is asked for the number of elements on Rotor 1

and Rotor 2.

Texas A&M Vibration Control
and Electromechanics Lab
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—-} Loadi5awve Simulation Data !EI |

Load\Save Simulation Data

Directory: CAWIRNDOWSYDeskiophmilki

newresume, itk -
nodecheck. mat _I
nodeinput. mat

nodeplace. mat

nurmber fig

numberl.m Filename: | rotorl mat
one.fig

| cne. m

srotor] . mat

rotor2, mat —I
robord. mat

rotord. rat

rabaricmnt LI

_ Load | Save Close Without Save

If the user clicks “YES” in the previous panel , a LOAD/SAVE
panel pops up which displays a list of all the files in the directory.

Here we use the rotor definition “rotorl.mat” for this presentation.
After selecting this file, click on LOAD.
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<~} ELEMENT DATA [ _ [ <]
[ Dual rotor Gas Turbine Engine Model INPUT DATA FOR ROTOR 1
Element Lenogth I (] roung's kAodulus tdass Density FPoissaon's ratio
1 1.3 | z | 153 [ =oooooon 0.00076 [ o=

Length oo [ ] roungs kModulus Densit FPaoisson's ratio
1 300 Z.000 S0000000.000 0.0005 0.300
2 1.300 2100 1.530 Io0000ooo.aoo0 O.0o0o0s 0.300
3 3.000 2.100 1.530 I00oooooo.ooo o.0oos 0.300
< <4.300 z.100 1.530 S0000000.000 00005 0.300
5 <. 800 2.300 1.800 Inoooooo. ooo o.ooos o300
=] 4500 2.300 1.800 S0000000.000 0.0005 0.300
7 <. 400 1.800 1.300 Ioo00ooo.aoo O.0o0o0s 0.300
=] 4.400 1.800 1.200 I00oooooo.ooo o.0oos 0.300
=] 2100 1.500 1.300 S0000000.000 00008 0.300
10 300 1.800 1.300 In000000.000 o.00o0s 0300
11 2100 1.800 1.300 I0000000.000 0.0o0o0s 0.300
12 2100 1.800 1.300 Jn000000.00o0 o.00o0s 0300
13 2.000 2.600 1.400 I0000000.000 0.0o0o0s 0.300
14| 2100 Z2.600 1.400 S0000000.000 D.DEllOEi DjﬁlLI
hl »

This panel is used to input the rotor definition data like element length, Outside
diameter,Young's modulus, Density etc.Here the “rotor.mat” file is shown with
the rotor containing 21 elements.We can modify the values by clicking on the
element in the list-box and then enter values in the corresponding edit boxes and

then hit “UPDATE”




G0ZZTZ-€00c—dI/VSVN

161

Glenn Research Center

High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1 Year Milestone Review
September 27, 2002, NASA Glenn

Texas A&M Vibration Control

and Electromechanics Lab

-} ELEMEMNT DATA = 3
I Dual rotor Gas Turbine Engine Model INPUT DATA FOR ROTOR 2
Elemeant Length oD ([ ] oung's HModulus kdass Density FPoisson's ratio
[ == | E | 2.8 | 2.4 [ sooooooo [ ooooFs | 03
L_JPDATEI
Lencth oD [} ~oungs kModulus Density” Foisson's ratio
a3.oo0
24 4.300 3.060 2.450 30000000.000 0.0005 0.300
25 4.800 11.000 10.970 30000000.000 0.0008 0.30
26 4.500 11.000 10.860 15000000.000 00005 0.30
27 4400 11.000 10790 12800000 000 00008 0.30
25 4.400 11.000 10.860 19300000.000 0.0005 0.30
29 2.100 3.850 2.800 27300000.000 0.0005 0.300
30 3.100 3.390 2.900 Jooooooo.o00 0.0oos 0.300
31 2100 3. 600 3 200 30000000.000 0. 0008 0.300
3z z.100 3.600 3.200 30000000.000 0.0005 0.300
33 2.000 3.600 3.200 30000000.000 0.0005 0.300
34 2.100 3.600 3.350 Jooooooo.o00 0.0oos 0.300
35 1.700 3.700 3 350 30000000.000 0. 0008 0.300
36| 0.900 4.200 3.350 30000000.000 O.ODDSI D.3El;|
- -

“isw bAodel IA/(:lc.se e

inl:'lclwl

In this panel , as the previous slide, the user inputs second rotor
definition .After completing the input, the block diagram of the

rotors can be viewed by clicking on “View model”.The user can

also save this new definition by clicking “Save as”(Load/ Save
panel pops up)
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<) Figure No_ 1 [=[E1x]
File Edt Miew Inset Tooks Window Help

IDezEdE kA A s B2eD

Block Representation of the Rotor |

R SR S s s 2 R RO SR AR SRR,

| |
0 10 20 30 40 50
Length

Diameter
Moo
g
g

Block Representation of the Rotor |

5 |-
3
2 0+ + 4 + 1
: {
8
N

L L L L L
(1] 10 20 30 40 a0
Length

Shown here is the block diagram of the two rotors that the user
has defined in the previous panels. This block diagram can viewed
dynamically after every time the input data is modified.
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=) Untitied =]
| Dual rotor Gas Turbine Engine ADDED MASS DATA INPUT FOR ROTOR 1
hass | hass It
Made hass P
IT 0.0626 I 1.6191 I 0.8136
—» UFDATE
Mode number hass kass o kass It
4 0.o0 0.a0 0.01 -
] 0o 0.00 0.0 _I
=1 0o 0.00 0.0
7 0.o0 0.a0 0.0
a Q.00 0.o0 0.m
=] 0.o0 0.00 0.00
10 0.a0 0.ao 0.0a
11 0.a0 0.ao 0.0a
12 0.00 0.ao 0.0o
13 0.00 0.00 000
14 0.0 0.ao 0.m
15 0.0 0.ao 0.0o
16 0.00 0.ao 0.0o
17 0.a0 0.ao 0.0a
18 0.00 0.00 0.0o
19 0.0y 1.6 .21
20 0.03 1.83 0.9z
21 0.0 0.ao 0.0a —
22 0.00 0.ao 0.0o =
ok | CLOSE |

This panel shows the added mass data at different nodes along rotorl.
The user can add extra masses at any of the nodes using this panel.
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<} Untitled i

[ Dual rotor Gas Turbine Engine  ADDED MASS DATA INPUT FOR ROTOR 2

hass | hass It
Mode hass P
I 27 I 0.0736 I 0yrra I 0.5567
UPDATEI
MNode number kMass hass Ip hass It
23 0.00 0.00 0.00 =

24 0.0 0.00 0.0

=

] I CLOSE |

This mass data panel for the second rotor.Here also the user can add
masses at any of the nodes along rotor 2.
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<} Untitled M= B3

I FIRST SIMULATION

Please enter RPM of :

ROTOR 1 | 16000
ROTOR 2 | 15000

—— Ik, |

Here the user inputs the RPM of Rotor 1 and Rotor 2
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<} Untitled MiE

PLEASE ENTER THE NUMBER OF BEARINGS IN THE SYSTEM

> O |

Here the user inputs the number of bearings in the system
of rotors.



G0ZZTZ-€00c—dI/VSVN

€0¢

High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1Year Milestone Review '
Glenn Research Center September 27, 2002, NASA Glenn Texas A&M Vibration Control

and Electromechanics Lab

<} Untitled [ _ =] =]

Bearing Location ,Stiffness and Damping

B earing number Fram Maode Ta Mode™ Bearing Stiffness Luwial and Radial O amping™
Sxial Radial
[ | 1 | o | 232000 | 1115000 | 1
™ Ratarl I™ Fotord
¥ Ratar2 I Rotor2
M figind  UPDATE Je——

Bearing Stiff .
Brg Mumber Fram Maode To Mode S St D arping

Aial R adial

1115000.000 1.000

1 1

2 3 0 224400.000 3335000.000 1.000
3 g 0 224400.000 3533500.000 1.000
4 13 0 622000.000 1122000.000 1.000
5 2 0 218300.000 1025000.000 1.000
53 21 0 207200.000 873700.000 1.000
7 5 3 5000.000 S00000.000 20.000

g 13 11 5000.000 500000.000 20.000

[]

Ok, | * 0 means Ground
“Applies to XY 2 CLOSE |

This 1s the bearing Location , stiffness and damping screen.
Here the user inputs the bearing location (From node, To node
etc.) ,axial and radial stiffness values and Damping values.
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<} Untitled !Ell»:l
AMNALYSIS TYPE

ST = | CHIMICAL SPEED

= PO AR R A Tl [T | ETEADT STATE HERMENIE RESFENEE

M EE SHEEES

= TRANSIENT BESPONSE

= 2n
= =m

— ] | CLOSE |

This screen contains the different analysis types.Only Transient

Response 1s enabled at this time.
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<} Untitled M= 3
Imbalance screen
Mode number Imbalance Mazz ECE::gtiﬁit-"' PT;Z‘Z{?:E]IE

[ [T1a | o.oo | 3145
—— UPDATE |

1 0.000 0.000 0.000 -
2 0.000 0.000 0.000
3 0.000 0.000 0.000
4 0.000 0.000 0.000
] 0.000 0.000 0.000
G 0.000 0.000 0.000
7 0.000 0.000 0.000
] 0.000 0.000 0.000
9 0.000 0.000 0.000
10 0,000 [.000 [.000
.000 0.000
12 0.000 0.000 0.000
13 0.000 0.000 0.000
14 0.000 0.000 0.000
15 0.000 0.000 0.000
16 0.000 0.000 0.000 _I
17 nnnn M nnn M nnn hd

Ok | CLOSE |

In this screen the user enters the imbalance values(imbalance
weight, eccentricity,phase angles) for specific nodes .
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<) Untitled P S |

Please enter the following data:

Total Simulation time | 015

Fadial Bub Contact Stiffness 250000

Fadial Fub dry Friction Coeffecient | 0.1
FubMode [ 1z

Lpper Limit Frequency in (Hz) far

Component Mode selectionin | 2000
kodal
- » BRUN |

This is the final input screen in which the user inputs Total
Simulation time,Radial rub contact stiffness, Rub Node etc.
Click on “RUN” to run the simulation.The Post input Screen
for Transient Response will open after the simulation 1s
complete.
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POST INPUT SCREEN FOR TRANSIENT RESPONSE

Post Input for Transient Response The User
Dizplacement Qutput Locations (Mode Murnber) SeleCtS VaI'IOU,S
¥ (mwdial) NS z . .
N T - - features 1n jthls
screen to view
Ratar 2; EE W =3 ¥

the various

Do youwant to plot shaft orbit & s  No Output
atthe specified Node MNumber? e

| | characteristics
Fesultant Bearing Reaction Forces
of the two
Bearing Number: I 2
rotors.

Click here
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Output Characteristics

(Displacement of Rotor 1 in X & Y directions)

<} Figure No. 1
File Edit %iew Inzet Tool: ‘Window Help

Edit “iew |nzert Tools

DEES I "A A/ 2R

" 10"“Disp|acement (x direction) vs time plot of Rotor! at Mode = 12
2

wiindow  Help

Displacement

D& YA /250

Displacement (y direction) vs time plot of Rotar! at Node =12

Displacerment

——————————————————————————————————————————————————

_________________________________________________________

1 1 : : : 1 1
i noz 0.04 0.05 0.oa 0.1 012 014
Time in secs

I I I I I I
0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time in secs

Texas A&M Vibration Control
and Electromechanics Lab
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Displacement of Rotor 1 in Z direction & Rotor 2 in X direction

«} Figure No_ 3 M= B <) Figure Mo. 4 [ _ (O] x|
File Edit Yiew Inset Took Window Help File Edit ¥iew Insett Took Window Help
Ded& "A A/ @O0 IDed& "A A/ 2oo0

Displacement (z direction) vs time plat of Rotor! at Mode = 12 5 X 10 "Displacement (x direction) vs time plot of Rotor2 at Node = 15

A ' ' ' ' ' ' ' ! ! ! ! ! ! !

—————————————————————————————————

Dizplacerment
(]

Displacement

_______________________________________

_2 1 1 1 1 : 1 1
0 EI_IDQ D_IE|4 D_IDB D_IDB 0.1 D_|12 D_I14 016 0 ooz 0.04 0.05 0.03 01 012 014 0.16
Time in secs Time in secs
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Displacement of Rotor 2 in Y & Z directions

<) Figure No. 5
File Edit “iew |nset Toolk Window Help

I[=] E3

<) Figure No. 6
File Edit “iew Inset Tools 'window Help

I[= E3

D& NA A/ 2R D

Displacement (y direction) vs time plot of Rotor? at Node = 15

0.015 T T T T T T T
0.

0.005

Displacement
(]

-0.005

-0.01

-0.015

1 1 1 1 1 1
i} 0.02 0.04 0.05 n.os 01 012 014
Time in secs

0.16

B YA Y

Dizplacement (z direction) vs time plot of Rotor2 at Node = 15

0014

0.m

0.005

Dizplacerment
=

-0.005

0.01

0.015

1 1 1 1 1 1
0 0.0z 0.04 0.06 0.0s 01 012 0.14 0.16
Time in secs
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Shaft Orbits of Rotor 1 & 2 at User specified Nodes (3 & 7)

<) Figure No. 7 H=1E3 <) Figure No. 8 M=l E3
File Edit “iew Insett Tools Window Help File Edt Wiew Inzert Tools Window Help
DEeda A A/ | @oo DEeEd& NA A/ ®BOD
Shaft Orbit of Rotor] at Mode = 12 Shaft Orbit of Rotor2 at Mode = 15
0.014 0ms
0.0 0.01
c 0.005 5
= = 0.005
B 2
50 =
£ = 0
-— =
5 £
S -0005--- =
: :
f_c% EL-D.DDS
o 00m =i
0.0
0015
h h h h h 0015 H H H H H
0.0z I I I I I ) R R
To0s 001 000 0 0.005 0.01 0.015 0.018 0.0 0.005 0 0.005 0.01 0.015

Displacement in y direction

Displacement in y direction
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Resultant Bearing Reaction Force at User specified Bearing Number, 2

<) Figure No. 9 M= 3

File Edit View |nzert Tools Window Help
DEeEA& YA A/ 2O

Resultant Bearing Reaction Force at Bearing Mumber 2
B00 T T T T T T T

o - e L EEREE e R AEhe

400

Farce

200

100

Il 1 1 1 : 1 1
0 0.0z 0.04 0.0& 0.0z 01 012 0.14 0.6
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FUTURE WORK

In this presentation we have seen the working of the GUI panels
for the DRBB simulation code.This is the first Version of the GUI
and further modifications will be made with new additions to the
simulation code like:

Different Analysis types like Static Analysis, Undamped Modal,
Mode shapes, Steady state Harmonic Response etc.

 The 3D Ball Bearing Model and Thermal Model Inputs

*The GUI will be further developed to make it more User friendly with
help features for the input and output panels.
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Task B.5: 3D High Fidelity Ball Bearing
Simulation Code

By
Guangyoung Sun, Ph.D. Candidate
and

Dr. Alan B. Palazzolo, Professor
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Objectives

 Including individual ball motion and nonlinear
Hertzian contact load interaction, 3D high fidelity
bearing model 1s developed and applied to rotor-
wheels system.

* The simulation code 1s developed to predict the
contact force and stress applied for individual
balls, and thermal loads 1n bearing in the presence
of high unbalance force.
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Executive Summary

* The rotor-wheels system dynamic responses
including ball motions under high imbalance
eccentricity are obtained by the simulation code.

* The simulation code predicts the contact load and
stress for individual balls as well as temperature

distribution and thermally induced loads.
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Summary of Prior Work
Ball Bearing Model

J. M. de Mul, et al., Jan. 1989, “Equilibrium and Associated Load
Distribution in Ball and Roller Bearings Loaded in Five Degrees of
Freedom While Neglecting Friction-Part I: General Theory and
Application to Ball Bearings”, ASME Journal of Tribology, Vol. 111,
pp. 142 - 148 (Static Ball Bearing Model)

N. Akturk, et al., Oct. 1997, “The Effects of Number of Balls and
Preload on Vibrations Associated with Ball Bearings”, ASME Journal
of Tribology, Vol. 119, pp.747-753 (Dynamics of Rotor on Ball
Bearings, no damper used)

G. H. Jang and S. W. Jeong, Jan. 2002, “Nonlinear Excitation Model
of Ball Bearing Waviness in a Rigid Rotor Supported by Two or More
Ball Bearings Considering Five Degree of Freedom”, (continued)
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Summary of Prior Work (continued)

ASME Journal of Tribology, Vol. 124, pp.82 - 90 (Dynamics of Rotor

on Ball Bearings Including Geometric Imperfection and Defects, no
damper used)

From the literature review, the original points of our bearing model are

» Ball mass is included in the model. In high speed rotor system, the
centrifugal force applied to balls is very important factor of
determining contact load. It can’t be ignored.

» The present model is the first one in the literature that combines 3D
ball bearing with squeeze film damper.

» The thermal model is composed of power loss of bearing, heat transfer,
thermal expansion and thermally induced load. The thermal expansion
influences bearing distorsions and contact loads in the bearing dynamic
model.
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Simulation Model

Rotor

Two wheels are connected to rotor by flexible hubs.
Rotor and two wheels are rigid models.

Two wheels have unbalance eccentricity and the rotor 1s assumed to be
balanced.

Axial transverse motion of the rotor is not considered.

Three bodies are torsionally rigid (spin with same speed).

Bearings

Barden bearing CZSB103J back to back arrangement is modeled at
each end.

Outer race plus SFD ring are supported by SFD and O-rings.
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Fig.B.5.a Rotor-two-wheels system supported on ball bearings
(Gs: shaft mass center, Gw1,w2: wheel mass center)

éﬂlﬂ:ﬁ‘@ﬂj| |

%

\4

Dimension | Specification
Shaft
Weight 3.5141 [Ib]
Polar MOI 0.006342 [1b-in-sec”]

Transverse MOI

0.051266 [1b-in-sec”]

l] and lg

7.63, 6.4766 [in]

Wheel 1
Weight 73.55 [1b]
Polar MOI 8.0026 [1b-in-sec’]
Transverse MOI 4.9352 [Ib-in-sec’]
d; 0.8374 [in]

Wheel 2
Weight 2.92 [1b]
Polar MOI 0.0264 [1b-in-sec’]
Transverse MOI 0.0145 [1b-in-sec’]
d; 4.1854 [in]

Total

Weight 79.98 [1b]

Total polar MOI

8.0353 [Ib-in-sec”]
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Fig.B.5.b Back to back duplex pair of ball bearing supported on SFD

SFD Journal

Y  Locknut

Rotor
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Fig.B.5.c SFD geometry and force direction
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Fig.B.5.d Coordinate transformation for 3D bearing model

Y O,.F,
yy’My ®) Z
J >
o %
T(¢) .
z, p(innel; groove radius)
uz’ z
o
r
VoM <L ry v
X u,,0,
5\7’Fx

(a) bearing loads and displacements (b) cross section with contact loads
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3D Nonlinear Bearing Model

Assume dry contact load (Hertzian contact load) and small damping
force (1 % damping ratio) are applied to bearing internal components,
* Rotor Radial Transverse Motion

[Ms]{X}_ ext +ZTU 11+fd11 +Z 12+fd12

where {X " =[x, ys] : {Qﬂ,z} and { dﬂ,z} are Hertzian contact load
vector and contact damping force vector applied to inner race, {F,} is
external force vector, and n is number of balls. 1, 2 represent bearing
number in Fig.B.5.1.

 Rotor Rotational Motion

|:]tx O] ex :{Mm}_i_{fol'lz_foz'll}
0 [ty ‘9y foz'll_fol'lz
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3D Nonlinear Bearing Model (continued)

where fp,  are nonlinear bearing forces in x and y axes, /,and /, are
distances from rotor center in Fig.B.5.1, {M,_/} 1s external moment vector.

« Ball transverse motion
vr Fr (Qi+fdi)cosai_(Qe+fde)cosae+Fc
" {} i {F} i {(Q,- +fy)sing, —(Q, + f,)sing, }
where Fis centrifugal force.
* Quter Race Radial Transverse Motion

[M,]-4X, }= {sfd}+ZT O, +fu},

where {X ) }T = [xo yo] {F} 1s the SFD force including O-ring
support force.
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Comparison of 2D and 3D Bearing Models

» 2D bearing model is linear stiffness as a function of inner race speed
and preload, which is obtained from linearized static load equilibrium
equations for balls and rings, while 3D model allows the bearing
components to interact with Hertzian nonlinear contact loads.

» 2D model assumes every ball experiences same contact load regardless
of inner race motion, while 3D model considers contact load applied to
individual ball depending on inner race motion. The figure in the next
page illustrates this point.

* 3D model can predict peak stress at every ball and rings and bearing
life.
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Fig.B.5.e Different contact loads applied to balls

(a) Inner race (IR) located at bearing center (b) Inner race moves
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Fig.B.5.f Ball location in bearing
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FE SFD & Thermally Induced Bearing Load Models

« Finite element based SFD model 1s used in conjunction
with 3D bearing model.

* The thermally induced bearing load model consists of
power loss 1n bearing, heat transfer, thermal expansion,
and thermally induced load.

» The theoretical backgrounds for the above models are

explained in detail in Task B.3.



G0ZZTZ-€00c—dI/VSVN

oee

, iy High Temperature Magnetic Bearing - Blade Loss Mitigation
NRA-GRC-99-02 - 1 Year Milestone Review

Glenn Research Center Texas A&M Vibration Control

September 27, 2002, NASA Glenn and Electromechanics Lab

Fig.B.5.g Temperature nodes of cross-sectioned bearing
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Fig.B.5.h Temperature effectl! on rolling element fatigue life of hot-
pressured alumina balls in five ball fatigue tester

(Maximum Hertz stress, 3.79 Gpa (550 ksi); contact angle 20°)
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1. Erwin V. Zaretsky, 1992, “STLE Life Factors for Rolling Bearings”, STLE Publication
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Simulation Conditions

Wheel 1, 2: spin speed = 30,000 rpm, low (20 1Ib), high (4,000 Ib)
unbalance forces, 90° phase difference between two unbalance masses
Rotor: spin speed = 30,000 rpm

Bearing: Barden bearing CZSB103J duplex pair (2D and 3D models),
detailed specs are in the next page, ceramic balls, 20 1b preloaded,

lubricant viscosity = 50 [cST]

FE SFD: 10 mil radial clearance, number of elements = 64x20, O-ring
stiffness = 20,000 [1b/in], ambient pressure = 30 [psi]

fluid viscosity = 30 [cP] for 20 1b case, 70 [cP] for 4,000 1b case
fluid density = 12 [Ib/in?], housing contact stiffness = 106 [1b/in]
Simulation time: 0.1 sec for 20 1b case, 0.02 sec for 4,000 1b case
Initial and ambient temperature = 80 [°F]

B.5 19
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Table B.5.1 Bearing specifications

Geometric Specification: CZSB103J

Bore diameter 0.6693 [in]
Outside diameter 1.3780 [in]
Width 0.3937 [in]

Inner and outer race groove radius

0.082 and 0.0844 [in]

Number of balls

16

Diameter of a ball 5/32 [in]
Initial contact angle 15 [degree]
Axial preload 20 [1b]

Material specification

Density of ball (ceramic ball)

0.11553 [Ib/in’]

Density of inner and outer race

0.2816 [Ib/in’]

Elastic modulus of ball

45E+6 [psi]

Poisson’s ratio of ball 0.26
Elastic modulus of inner and outer race 30E+6 [psi]
Poisson’s ratio of inner and outer race 0.3
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Fig.B.5.1 Dynamic response of Wheel 2: 3D Brg, 20 1b unbalance
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Fig.B.5.2 Dynamic response of Wheel 1: 3D Brg, 20 Ib unbalance
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Fig.B.5.2 Dynamic response of Wheel 1: 3D Brg, 20 Ib unbalance
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Fig.B.5.3 Rotor motions at bearing 1 and 2: 3D Brg, 20 Ib unbalance
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Fig.B.5.3 Rotor motions at bearing 1 and 2: 3D Brg, 20 1b unbalance
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Fig.B.5.4 Outer ring plus SFD journal motions at bearing 1 and 2:
3D Brg, 20 Ib unbalance
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Fig.B.5.4 Outer ring plus SFD journal motions at bearing 1 and 2:
3D Brg, 20 Ib unbalance
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Fig.B.5.5 Contact loads at 5th and 13th balls: 3D Brg, 20 1b unbalance
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Fig.B.5.6 Contact stress at Sth and 13th balls: 3D Brg, 20 1b unbalance
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Fig.B.5.7 Squeeze film damping force: 3D Brg, 20 1b unbalance

(Radial force Fr is to the outward direction to min film thickness, Ft is perpendicular to Fr)
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Fig.B.5.7 Squeeze film damping force: 3D Brg, 20 1b unbalance

(Radial force Fr is to the outward direction to min film thickness, Ft is perpendicular to Fr)
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Fig.B.5.8 Max and min fluid film pressures in FE SFD:
3D Brg, 20 1b unbalance (Ambient pressure is 30 psi)
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Fig.B.5.8 Max and min fluid film pressures in FE SFD:
3D Brg, 20 Ib unbalance (Ambient pressure is 30 psi)
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Fig.B.5.9 Temperature growth and induced thermal load in bearings:
3D Brg, 20 Ib unbalance (Initial temp is 80 °F)
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Fig.B.5.10 Dynamic response of Wheel 2: 2D Brg, 20 1b unbalance
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Fig.B.5.10 Dynamic response of Wheel 2: 2D Brg, 20 1b unbalance
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Fig.B.5.11 Dynamic response of Wheel 1: 2D Brg, 20 Ib unbalance
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Fig.B.5.12 Rotor motions at bearing 1 and 2: 2D Brg, 20 Ib unbalance
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Fig.B.5.13 Outer ring plus SFD journal motions at bearing 1 and 2:
2D Brg, 20 Ib unbalance
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Fig.B.5.14 Squeeze film damping force: 2D Brg, 20 1b unbalance

(Radial force Fr is to the outward direction to min film thickness, Ft is perpendicular to Fr)
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Fig.B.5.16 Temperature growth and induced thermal load in bearings:
2D Brg, 20 Ib unbalance (Initial temp is 80 °F)
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Fig.B.5.17 Dynamic response of Wheel 2: 3D Brg, 4,000 1b unbalance
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Fig.B.5.18 Dynamic response of Wheel 1: 3D Brg, 4,000 Ib unbalance
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Fig.B.5.19 Rotor motions at bearing 1 and 2: 3D Brg, 4,000 1b unbalance
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Fig.B.5.20 Outer ring plus SFD journal motions at bearing 1 and 2:
3D Brg, 4,000 Ib unbalance
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Fig.B.5.21 Contact loads at 5th and 13th balls: 3D Brg, 4,000 Ib
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Fig.B.5.23 Squeeze film damping force: 3D Brg, 4,000 Ib unbalance

(Radial force Fr is to the outward direction to min film thickness, Ft is perpendicular to Fr)
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Fig.B.5.24 Max and min fluid film pressures in FE SFD:
3D Brg, 4,000 1b unbalance (Ambient pressure is 30 psi)
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Fig.B.5.25 Temperature growth and induced thermal load in bearings:
3D Brg, 4,000 1b unbalance (Initial temp is 80 °F)
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Fig.B.5.26 Dynamic response of Wheel 2: 2D Brg, 4,000 1b unbalance
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Fig.B.5.27 Dynamic response of Wheel 1: 2D Brg, 4,000 1b unbalance
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Fig.B.5.28 Rotor motions at bearing 1 and 2: 2D Brg, 4,000 1b unbalance
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Fig.B.5.29 Outer ring plus SFD journal motions at bearing 1 and 2:
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Fig.B.5.29 Outer ring plus SFD journal motions at bearing 1 and 2:

2D Brg, 4,000 1b unbalance
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Fig.B.5.30 Squeeze film damping force: 2D Brg, 4,000 Ib unbalance
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Fig.B.5.31 Max and min fluid film pressures in FE SFD:
2D Brg, 4,000 1b unbalance (Ambient pressure is 30 psi)
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Fig.B.5.32 Temperature growth and induced thermal load in bearings:
2D Brg, 4,000 1b unbalance (Initial temp is 80 °F)
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Summary

e The 2D and 3D bearing model are developed and applied
to rotor-two-wheels system with unbalance load.

* The numerical results for 4,000 unbalance load case show
500 Hz oscillating frequency, which is exactly the spinning
frequency of the rotor.

* The simulation code successfully predicts the contact load
and stress applied for individual ball, temperature
distribution and thermally induced load in the bearing as
well as dynamic responses of rotor-two-wheels system.



G0ZZTZ-€00c—dI/VSVN

08¢

iy High Temperature Magnetic Bearing - Blade Loss Mitigation
- NRA-GRC- 99-02 - 1 Year Milestone Review

Glenn Research Center Texas A&M Vibration Control

September 27, 2002, NASA Glenn and Electromechanics Lab

Planned Work

e Variant SFD viscosity depending on temperature
» Predict bearing life based on stress distribution in bearing
» Replace the rigid rotor into a flexible rotor.

* Develop graphic user interface (GUI) for rigid rotor-
wheels system with 3D high fidelity ball bearing, FE SFD,
and thermal bearing load models

 Integrate bearing model into system rotordynamic
simulation
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SMART STRUCTURAL COMPONENTS AND SIMULATION TOOLS FOR
INCREASED ENGINE EFFICIENCY, FLIGHT RANGE AND SAFETY
ID: SA- 04-25
NRA-01-GRC-02 (Phase 2)

The proposer has received 15 years of continuous funding from NASA GRC in the areas
of rotodynamics, active vibration control, magnetic bearings, and expert systems. This
work has been monitored by the Machinery Dynamics Branch of the Structures Division
and the Space Power Division. The proposed tasks seek to extend previous
accomplishments in theses areas by developing innovative and effective means to:
(A)provide high performance, reliable and practical high temperature
magnetic bearings for gas turbine aircraft engines, and
(B) provide high fidelity component models, novel approaches and system
simulation code enhancements in the area of blade loss mitigation

Specific areas for development and implementation in task A include:
- Design, build and performance testing of an innovative, redundant
high temperature (HT) thrust bearing,
- Inexpensive HT eddy current position sensor development,
- PWM servo power amplifier development with built in power
monitoring capability,
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Flight ready controller design, prototype and testing,

HT catcher bearing development and implementation

HT magnetic bearing expert system development and implementation
for anomaly detection/correction and enhanced performance,

Hybrid high temperature magnetic bearing with built in foil bearing

Specific areas for development and implementation in task B include:

higher fidelity, mechanical component simulation models,

increased computational efficiency for repeated simulations of system
dynamics,

providing benchmark cases for the Boeing/NASA blade loss, system
simulation code,

providing feasibility studies and implementation plans for blade loss
mitigation with active magnetic bearings (smart structural
components).

The deliverables include component and full-up system test results, and hardware,
and simulation software along with parametric study results, and user’s manuals.
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SMART STRUCTURAL COMPONENTS AND SIMULATION TOOLS FOR
INCREASED ENGINE EFFICIENCY., FLIGHT RANGE AND SAFETY
ID: SA- 04-25
NRA-01-GRC-02 (Phase 2)

PROJECT DESCRIPTION AND PLAN

A. HIGH TEMPERATURE MAGNETIC BEARINGS FOR AIRCRAFT
ENGINES

Description

The proposers have delivered 2 high temperature magnetic bearings (HTMB) to
Gerald Montague and Al Kascak of GRC under NRA-99-GRC-2 and prior grants. The
most recent HTMB has been tested to 150 1b. load capacity at 1000°F, and 10,000 rpm at
1000°F. The 12-pole geometry of this radial bearing allows redundant operation which
was successfully confirmed at 13000 rpm and 750°F when any one of the 3 control aces
was allowed to fail and suspension was maintained by the two remaining control axes.
The control objectives of the proposed work are to develop and test a high temperature
thrust (axial) magnetic bearing and to develop high temperature (HT) position sensors
and catcher bearings. This work is required to realize the large gains in efficiency made
available by HT operation of the engine and by adaptive (smart) operation of its
components.
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The Potential Impact and Benefits for Task A (High Temperature Magnetic Bearings)
are:

Goal 1 Revolutionize Aviation

- Objective 1: Increase safety with redundant magnetic bearings and fault
diagnosis/correction expert system.

- Objectives 4 and 5: Increase capacity and speed utilizing magnetic
bearings that allow ultra high temperature (high efficiency) operation, very
low power loss (bearing drag), and very high engine shaft speed (high DN
operation).

- Objective 2: Protect the environment with oil free operation.

Goal 2 Advance Space Transportation

- Objective 3: Advancement of magnetic shaft suspension technology has
tremendous spin-off potential for satellite/space travel advancement via
highly efficient energy storage/attitude control flywheels utilizing
magnetic suspensions.

- Objectives 6 and 7: Redundant magnetic bearings on flywheels will
increase their safety and flywheels will reduce cost relative to
electrochemical batteries.

Goal 3 Pioneer Technology Innovation

- Objectives 9 and 10: High temperature magnetic bearings (HTMB)
present a significant advance in technology relative to conventional rolling
element bearings. The analysis tools for designing the HTMB's are also
revolutionary relative to passive shaft bearings.
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The Potential Applications for Task A (High Temperature Magnetic Bearings) are:
- Revolutionary Aeropropulsion Concepts (L. Burkardt)
- Intelligent and/or adaptive structural components
- Smart Efficient Components (R. Corrigan)
- Ultra-Safe Propulsion (S. Johnson)
. FailSafe magnetic bearings and fault diagnosis expert system
« High temperature backup bearings
- Higher Operating Temperature Propulsion Components (C. Ginty)

The technology readiness level for this task is:
- TRL-5 (based on proposer’s present NRA progress)

Plan

The new proposed work in this area includes the following tasks:

Design, build and test a thrust magnetic bearing (TMB) with capability to provide
10,0001b. load capacity at 1,000°F and 20,000 rpm. Testing of the bearing will be
conducted as an isolated component at Texas A&M, and as part of a rotating assembly on
the dedicated test rig designed by the proposer, and presently installed and operating at
GRC-ERB. A concept drawing for the rig modified for TMB testing is shown in Fig. 1.
Use of the existing rig will significantly reduce test cost requirements.
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Two ball bearings with radial dampers are used to support the weight of the
rotor and provide damping at its critical speeds. Both bearings are mounted
on thin plates that are very compliant in the thrust direction, which insures that
the thrust magnetic actuator carries the full axial load. Electromagnetic
external load actuators (EELA) are included at both for and aft locations to
apply simulated engine thrust loads up to 10,000 lbs, while the rotor is
spinning at up to 20,000 rpm. Air-cooled ball bearings will be used as axial
catcher bearings to protect the thrust magnetic bearing. In addition electronic
circuitry will be provided that will shutdown both the TMB and the EELA’s if
rotor thrust motion exceeds some pre-set limit. Some novel features of the
TMB include:
(a) Tapered, slightly conical profile to decrease stresses due to
centrifugal and magnetic force loadings,
(b) High temperature position sensors embedded in the TMB
stators to provide collocated control,
(c) Ceramic potting of ribbon, round or square coils with s-glass
wrapping for insulation,
(d) Hiperco 27 or HS material for rotor material,
(e) Redundancy will be built into the TMB actuator by use of
multiple coils and a special control algorithm.

Design, build and test low cost, high temperature (1200°F) shaft position sensors
(HTSPS) and drive circuitry for magnetic suspension application. This work will
compliment and extend the proposer's present NRA-99-GRC-2 task for furnace testing of
COTS HTSPS, the proposer's present NASA Center for Space Power Task (monitor
Raymond Beach) of shaft position sensor development, and the proposer's previous
development of a HTSPS for GRC program manager Albert Kascak.
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* An innovative aspect of the proposed effort will be to deliver sensor arrays that
compensate for shaft runout along with position sensing. Present COTS HTSPS
costs are about $8K per channel, which are prohibitively expensive for 8 Channel
arrays at both radial bearings. Thus the proposed work will provide sensors at
much lower cost to make these arrays practical

* Implementation of HTMB's will require high temperature catcher bearings (HTCB),
since the HTCB's and HTMB's should be closely located for shaft bending and
thermal expansion reasons. The proposed work in this area will include:

- Retrofitting the GRC HTMB test rig for HTCB testing

- Testing of rolling element and sleeve HTCB concepts with dry
(powder) or solid (coating) lubricants

- By test and simulation optimize the HTCB flexible support and
pre-load designs for long term, high load, high temperature, 6-
12 hr. operation. The catcher bearing design software being
developed by the proposer on NRA-GRC-99-02 (Gerald
Montague) will be invaluable for the proposed HTCB
development effort.

- Design and install foil bearing as catcher bearing adjacent to
the high temperature magnetic bearing

Design, build and test PWM power amplifiers (PWMPA) magnetic bearing current

sources. COTS PWMPA's afford little flexibility for optimizing efficiency, power
measurement, miniaturization, direct digital control, etc. The proposed effort will supply

PCB mounted PWMPA's with surface mount electronics, onboard power monitoring and

edge filtering (EMI reduction). Accurate power monitoring will be a high priority
development area for this effort.
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The potential for using the PWM voltage pulses as a carrier for magnetic actuator,
self-position sensing will also be developed. The PWMPA's developed by this effort
will be component tested at Texas A&M and then installed in the High Temperature
Magnetic Bearing, Fail Safe Magnetic Bearing or Flywheel Module Test Rigs at
GRC, for actual system levitation and spin testing at GRC.

Implementation of magnetic bearings in aircraft engines will require flight ready
hardware. This task will identify acceptable platforms for magnetic suspension
controller implementation. A controller will be designed and tested to meet these
requirements in microprocessor, DSP, FPGA, analog or hybrid form. The proposer
has significant experience for magnetic bearing controller development with
controller deliveries to NASA, GRC, NAVY-ONR and University of Texas Austin--
Center for Electromechanics.

To enable the magnetic suspension to act more fully as a smart, structural component,
it will be implemented with an expert system which optimizes the control law with
temperature, speed and load, and detects and corrects anomalies (when possible). This
task will benefit from related work in the proposers NRA-GRC-99-02 grant.

To improve flight safety, redundant, fail safe control algorithins will be employed
such as developed in:
Na, UJ. and Palazzolo, A.B., “Fault Tolerance of a Magnetic
Bearing Including Material Path Reluctances and Fringe Factors”,
IEEE Journal of Magnetics, Nov. 2000, Vol. 36, No. 6
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The significant milestone list is:

-Year1l: e
[ ]
[ ]
[ ]
-Year2: e
[ ]
[ ]
[ ]
[ ]
-Year3: e

Design and Fabricate High Temp Thrust Mag Brg

Develop position Sensor hardware and drive electronics

Identify Flight Controller Components

Test Expert System on High Temp Mag. Brg. Test Rig at GRC
(HTMBTR)

Test High Temp Thrust Mag. Brg. At Temp and Speed in HTMBTR
Design PWM power amplifier

Identify components and perform component testing for high temp.
catcher brgs.

Test position sensors in HTMBTR

Construct flight ready magnetic suspension controller at GRC

Test PWM power amplifier in HTMBTR

Test high temp. catcher bearings in HTMBTR

Timeline / Cost Estimate / Milestones

Timeline

TASK Year 1 Year 2 Year3

Q.1 2 3 4 | Q.1 2 3 4| Qu.1 2 3 4

Brg.

Sensor

e High Temprhrust Mag. L

e High Temp. Position

v

v

PWM Power Amplifier
Flight Ready Controller

High Temp Catcher Brgs.

Expert System and
Redundant Mag. Brgs

A

v

vy
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A. BLADE LOSS MITIGATION

Description

Significant progress has been made in blade loss mitigation and containment by a
NASA/Industry Team including Dr. C. Lawrence and Kelly Carney. The team's
objectives are reductions in weight and design an testing times, and improved quality and
safety. Utilizing a super-element assembly approach, their work has yielded high fidelity
structural simulation models for the engine/nacelle/wing portion of the aircraft, and
consequent improvement in blade out margin of safety predictions. For high fidelity
simulation, their engine model itself consists of a fan cowl and case, strut, nozzle, fan,
and high/low/fan rotors with bearings. The corresponding code is hereinafter called the
Boeing/NASA code.

The Potential Impact and Benefits for Task B (Blade Loss Mitigation) are:

Goal 1 Revolutionize Aviation
- Objective 1: The simulation tool enhancements contained in this proposal
will aid in reducing the deleterious side effects of blade loss, which is a
significant hazard to aviation.
Goal 2 Advance Space Transportation
Objective 6: The simulation tool enhancements contained in this proposal will aid in
reducing the deleterious side effects of blade loss, which is a significant hazard to the
space shuttle main engines.
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Goal 3 Pioneer Technology Innovation
- Objective 9: The proposed code modeling enhancements and veracity tests
will advance the fidelity and reliability of the NASA/Boeing blade loss
mitigation engineering design tools.

The Potential Applications for Task B (Blade Loss Mitigation) are:
- Ultra-Safe Propulsion (S. Johnson)
Magnetic suspensions for blade loss mitigation
- Smart Efficient Components (R. Corrigan)

The technology readiness level for this task is:
- TRL-2 (based on proposer’s present and past grant work)

Plan

The proposers seek to achieve the goals of the Ultra-Safe Propulsion Program via
contributions to the task for numerical simulation of aircraft engine blade out structural
dynamics. The four areas proposed include:

(a) Improved Component Modeling

(b) Increased Computational Efficiency

(c) Boeing Code Veracity Check

(d) Active (Smart) rotor suspension for blade loss mitigation
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In category (a) it is proposed to integrate a detailed force-motion model of the engine's
squeeze film damper bearing supports into the Boeing/NASA simulation code by solving
Reynold's equation for damper pressures at each time step. The proposers have developed
efficient algorithms to implement this as applied to fluid film bearings supporting a
flexible shaft with thermohydrodynamics, gyroscopics and blade loss, i.e. reference:
Gadangi, R. and Palazzolo, A., “Transient Analysis of Tilt Pad Journal
Bearings Including Effects of Pad Flexibility and Fluid Film
Temperature”, ASME/STLE Joint Conf., Oct. 1994, 94-TRIB-47,
ASME Journal of Tribology, April 1995, Vol. 117, pp. 302-307.
Gadangi, R., Palazzolo, A., and Kim, J., “Transient Analysis of Plain and
Tilt Pad Journal Bearings Including Fluid Film Temperature Effects”,
ASME/STLE Joint Conf., Oct., 1994, 94-TRIB-30, ASME Journal of
Tribology, April 1996, Vol. 118, pp. 423-430.

26¢

The algorithm consists of a numerical finite element based, solution of Reynold’s
equation including cavitation effects. The coefficient matrix is determined and
assembled at staggered intervals in time, whereas the source term vectors are updated at
each time step, to improve computational efficiency. In addition it is proposed to
integrate high fidelity models of ball bearings including ball and cage motions, forces,
stresses and thermal expansions into the Boeing/NASA code at the Component Analysis
and/or Back Substitution stages.
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The proposers are presently developing high fidelity ball bearing models for magnetic
bearing/auxiliary (catcher) bearings under the direction of Gerald Montague at
NASA/GRC, on their NRA-99-GRC-2 Grant, and under direction of Andy Provenza, on
their NRA-99-0SS-05 Cooperative Agreement. The benefit of the high fidelity bearing
models is the capability they provide for bearing failure, nonlinear load/deflection and
bearing drag torque prediction. It is notable that the NRA-99-GRC-02 and NRA-99-
OSS-05 work of the proposer is presently developing high fidelity ball bearing models
with squeeze film damper supports to reduce shock loads on the bearings during
magnetic bearing power outages.

In category (b) it is proposed to apply reanalysis algorithms to reduce the
computation time for evaluating system stability and steady state imbalance response for
a range of parameter values. The “design for blade loss mitigation” process will require
repetitive simulation for perhaps many values of localized structural components such as
a strut, plug or bearing. Methods used and developed by the proposer accelerate solution
of “modified’ system models by utilizing results from “baseline” model simulations, i.e.
reference:

Wang, B.P., Palazzolo, A.B. and Pilkey, U.D. “Reanalysis, Modal
Synthesis and Dynamic Design”, State of the Art Surveys on Finite
Element Technology, edited by A.K. Noor and W.D. Pilkey,
ASME Book No. H00290.

Palazzolo, A.B., Wang, B.P. and Pilkey, W.D., “Static Reanalysis
Methods”, Structural Mechanics Software, Vol. IV, edited
by Perrone and Pilkey, University Press of Virginia, 1982.
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In some instances, with reanalysis, computational savings are significant enough to
enable probabilistic design approaches, i.e. ref.:
Barrett, T., Palazzolo, A., and Kascak, A., “Probabilistic Critical Speed
Determination by Receptance Based Reanalysis”, Proc. of the 6™
International Symposium on Transport Phenomena and Dynamics
of Rotating Machinery, pp. 272-288, Honolulu, 3/96.
In category (c) it is proposed to provide NASA with an alternate transient blade
loss simulation code to be used for:
(1) Benchmarking the Boeing/NASA high fidelity super-element based code,
1.e. provide an ISO 9000 check case that may be used to periodically test
the Boeing/NASA code
(i1) Serve as a platform for developing and system integration of the
component models described in (a)

This code will trade off fidelity for simplicity and reliability. Three dimensional beam
elements will be utilized for all structural components with the inclusion of imbalance,
inertial loading and gyroscopics for the rotating elements. Subspace condensation
methods on the component and system levels will be employed akin to the Boeing/NASA
code. In addition direct, full space analyses will also be included. Benchmark cases will
be developed for subsequent comparison between the benchmark and Boeing/NASA
code. The proposed code is not intended to replace the higher fidelity code, but only to
provide benchmark, check cases for it.
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The proposers are currently developing magnetic bearing hardware and control
algorithms to integrate into commercial and military aircraft, gas turbine engines. This
work is managed by Gerald Montague of GRC on NRA-99-GRC-2. Precursor research
by the proposer, and funded by GRC, yielded development and hardware testing of
control algorithms for blade loss mitigation, i.e. ref.:
Manchala, D., Palazzolo, A., Kascak, A., and Montague, G., “Constrained

Quadratic Programming, Active Control of Rotating Mass

Imbalance”, Journal of Sound and Vibration, Vol. 205(5), 4 Sept.

1997, pp. 561-580.
In category (d), it is proposed to integrate a feedback control magnetic bearing model into
the code in (¢) and into the Boeing/NASA code. The approach developed in the above
paper provides the optimum level of magnetic counter force to blade loss, within the
realistic saturation constraints of the magnetic bearing system. An alternate approach of
allowing zero synchronous force transmission via the bearing, and orbiting about the new
principal axis of inertia (after blade loss) will also be developed. In order to demonstrate
the benefit of this latter approach, consider the 3 disk, 425 1b. simulation rotor model in
Figure 2. A study was conducted to predict transmitted bearing loads and vibration due
to a sudden mass imbalance of 0.25 Ibs. at a radius of 3.6 inches, and at 30,000 rpm. This
creates a rotating load of approximately 23,000 lbs. that conventional bearings would be
required to react. Alternatively, Figs. 3 and 4 show the vibration and transmitted
magnetic bearing forces during a blade loss event using a zero synchronous force control
approach. The magnetic bearings are only required to sustain a large load (2500 1bs.) for
a very short duration of time (less that 0.25 seconds).
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It is noteworthy that this simulation includes the realistic effects of force limitation (2500
Ibs.), current limitation (25 amps), voltage limitation (300 V), and catcher (backup)
bearing impact. These simulations show that the maximum rotor excursion at the
magnetic bearings is inches and the steady state motion is inches. The
steady state magnetic bearing forces are seen to be less than Ibs. Figure 5 shows
catcher bearing forces vs. time containing several very short duration impacts. The main
objective of this task will be to evaluate the merits of a magnetic bearing suspension of
the rotor(s) for mitigating blade loss response and damage. The authors plan to
implement a full magnetic bearing component model into the high fidelity NASA/Boeing
system model (in modal form) and simulate blade loss with zero synchronous force
control, on a realistic gas turbine engine model. The authors have extensive experience
with magnetic bearing actuator and feedback control system design in the satellite
flywheel area as funded by GRC through the Texas A&M Center for Space Power (ref.
Raymond Beach of GRC).

The significant milestone list is:

- Year 1: Complete Squeeze film damper and rolling element bearing modules and
install in NASA/Boeing code

- Year 2: Finish and test benchmark code

- Year 3: Finish magnetic suspension module and install in NASA/Boeing code.
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Timeline / Cost Estimate / Milestones
Timeline
TASK Year 1 Year 2 Year 3
Qtr. 1 2 3 4 Qtr. 1 2 3 4 Qtr. 1 2 3 4
B

e Component Models < >
e  Veracity Benchmark Code >
e Active Shaft Suspension < >

SMART STRUCTURAL COMPONENTS AND SIMULATION TOOLS FOR
INCREASED ENGINE EFFICIENCY. FLIGHT RANGE AND SAFETY
ID: SA- 04-25
NRA-01-GRC-02 (Phase 2)

EQUIPMENT PURCHASE BREAKDOWN

Year 1
« High Speed Shaft $2,000
« Thrust Magnetic Actuator $10,000
« Catcher Bearing and Supports $2,000
. External Load Actuators $6,000
« Test Rig Modifications $5,000
« High Temp. Sensor Development $5,000

(Erwin Thomas at TAMU)

Total Year 1 — Task A Equipment Cost $30,000
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Year 2
« Foil Type — Catcher Bearing Assembly  $12,000
« High Temp. Position Sensor Array $5,200
« Power Amplifiers with Power Monitoring ~ $5,000
« Analog Realization Controller $3.000
Total Year 2 — Task A Equipment Cost $25.200
Year 3
« Test Rig Modification for Hybrid Foil $7,600
Catcher Bearing/12 pole Magnetic Bearing
« Rugged Flight-ready Controller with $8,000
Analog and FPGA circuitry
« Two High Temp. Position Sensor Arrays $6,000
With Amplifier Drivers

Total Year 3 — Task A Equipment Cost $21,600
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Figure 1a: High Load Thrust Magnetic Bearing Test Rig
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Coupling Test Rig Frame

Figure 1b: High Load Thrust Magnetic Bearing Test Rig with Turbine
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Figure 2: Rotor Simulation Model for
Magnetic Bearing Control of Blade Loss
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Figure 5: Catcher Bearing Forces vs Time
during Blade Loss Event
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SMART STRUCTURAL COMPONENTS AND SIMULATION TOOLS FOR
INCREASED ENGINE EFFICIENCY, FLIGHT RANGE AND SAFETY
ID: SA- 04-25
NRA-01-GRC-02 (Phase 2)

KEY PERSONNEL

Dr. Palazzolo will lead the proposed research, which will be performed by Dr.
Uhn Joo Na and Ph.D., Master, and undergraduate level students. Dr. Na received his
Ph.D. M.E. degree from Texas A&M University in 1999 and has published numerous
papers on redundant/fail safe magnetic bearings. He has been employed at TAMU, in the
Vibration Control and Electromechanics Lab (Director: Palazzolo) for the past 4 years.

FACILITIES AND EQUIPMENT (Capability and Availability)

The task A simulation and component testing will be performed in the Vibration Control
and Electromechanics Lab (VCEL) at TAMU. The system tests will be performed in the
Magnetic Bearing Research Lab in the NASA-GRC Engine Research Building, under the
direction of Mr. Gerald Montague. The P.I. has conducted research in this GRC lab for
the past 15 years and is well acquainted with the facility and its operation. The task B
simulation work will be conducted in the TAMU-VCEL.
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The TAMU-VCEL has 2000 ft* of lab space with several workstations for
magnetic actuator component testing, coil winding, controller development, and
control/power console assembly. Instrumentation in the VCEL includes 2 FFT analyzers,
a LABView data acquisition system, numerous scopes function generators and
measurement transducers. The VCEL also has numerous high-speed Pentium class
computers and SGI workstations. Licensed software includes MATLAB, SIMULINK,
VECTORFIELDS, ANSOFT, SOLID WORKS, AutoCAD, and SPICE. A high-speed
spin pit for flywheel testing is currently being installed in the lab. There are presently 5
Ph.D. students, 1 Master student, 1 fulltime Research Engineer (Dr. Na) and 6
undergraduate researchers employed in the VCEL.

PARTNERSHIPS
It is anticipated that Gerald Montague of the U.S. Army at NASA GRC (216-433-
6252) will provide test support assistance for required system testing at GRC, in Task A,
and Task B.

POINTS OF CONTACT
Technical: Dr. Alan Palazzolo, Texas A&M University, Mechanical Engineering,
College Station TX, 77843-3123, 979-548-5280 (3081 fax)
abp8849acs.tamu.edu

Contractual: Ms. Brett Henry, TEES Research Services, MS 3406,
College Station TX, 77843-3406, 979-845-1264 (9643 fax)
bhenry24@tamu.edu



User Manual

1.1 Installation

1. Copy folder ‘DRBB_GUI’ from CD into MATLAB R12 or above version work
directory on your computer

2. Set path to DRBB_GUI in the work directory in MATLAB

3. Now type“RD” in the command window and enter

1.2 Operation

<} Untitled [_ o] x|

Flease enter the Bun Description of this simulatian

Dual rotar Gas Turhine Engine kaodel

_— Ok

Thisisthisfirst Panel in the GUI where the user Inputs the Run Description of the
simulation .Enter the Text and click 'OK".

In this GUI Example the input datais taken from the model by Li, Dennis, 1978,

“Dynamic Analysis of Complex Multi -Level Flexible Rotor systems,” University of
Virginia

<} Untitled M= 3

Do vou want to use a previously saved rotor
definition?

YES ___» MO

In this window, if the user clicks on 'NO' the GUI asks a new rotor definition for both
rotors. The user is now asked for the number of elementsin Rotorl and Rotor2.
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=} Untitled

PLEASE ENTER THE NUMBER OF ELEMENTS FOR
ROTOR 1

Fotar 1

21

/ (o]

After thisthe user can input the new rotor datain the corresponding panels that will pop
up. However in this example we use Dennis Li"s rotor model. So Click on 'YES

<} Untitled [_ 5] %]

Do you want to use a previously saved rotor
definition?

_—» +¥ES | MO

Now the Load save panel opens.Scroll down the list and double-click on ‘rotorl.mat'.

<} Load\5ave Simulation Data

Load\Save Simulation Data

Directary: ChWINDOWYS\Desktophymiki

nodeinput. mat -
nodeplace. mat J
rumber _fig

rumbert.m

one.fig

| e Filename: rotarl mat

irokor] . mat
rotor2.mat
rotor3. mat

rotard. mat

rokorinput. m

rpm. fig
e =

Load | Sawve Close WWithout Sawve

/'
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Then click on 'Load’. Now the input data panel for the rotorsis opened. The user can use

this or modify the model.
<} ELEMENT DATA [_ =] ]
| Dual rotor Gas Turbine Engine Model INPUT DATA FOR ROTOR 1
Element Length oo D Young's Modulus  kass Density Foisson's ratio

L 13 [ 2 [ 153 [ 30000000 [ D.ooove [ oz

——p UPDATE

Length oD D “oungs Modulus Density Foisson's ratio

1 1.3 1 0.0008 0.300
2 1.300 2100 1.630 30000000.000 0.0008 0.300
3 3.000 2100 1.630 30000000.000 0.0008 0.300
4 4.300 2100 1.630 30000000.000 0.0008 0.300
5 4.800 2.300 1.800 30000000.000 0.0008 0.300

B 4.800 2.300 1.800 30000000.000 0.0008 0.300

7 4.400 1.800 1.300 30000000.000 0.0008 0.300

g 4.400 1.800 1.300 30000000.000 0.0008 0.300

& 2100 1.800 1.300 30000000.000 0.0008 0.300
1o 3100 1.800 1.300 30000000.000 0.000& 0.300
11 2.100 1.800 1.300 30000000.000 0.0008 0.300
12 2.100 1.800 1.300 30000000.000 0.0008 0.300
13 2.000 2.600 1.400 30000000.000 0.0008 0.300
14| 2.100 2.600 1.400 30000000.000 D.DD|DS D.SBL[
Al »

—>» Ok Close Window

“} ELEMENT DATA

[ [T ]
| Dual rotor Gas Turbine Engine Model INFPUT DATA FOR ROTOR 2
Element Length oD (|m] ~Young's bModulus tass Density Foisson's ratio
23 3 [ 2= I 30000000 [ oooove [ o=
——p» UPDATE
Length (a]n] ] oungs kModulus Density Poisson's ratio
30000000000 00008

2b 4.800 11.000 10.970 30000000.000 0.0008 0.30

26 4.800 11.000 10.860 15000000.000 0.0008 0.30

s 4.400 11.000 10,790 12800000.000 0.0008 0.30

28 4.400 11.000 10.860 19300000.000 0.0008 0.30

24 2.100 3.650 2.600 27300000.000 0.0005 0.300

30 3.100 3.3580 2.900 30000000.000 0.0005 0.300

31 2.100 3.600 3.200 30000000.000 0.0005 0.300

32 2.100 3.600 3.200 30000000.000 0.0005 0.300

33 2.000 3.600 3.200 30000000.000 0.0005 0.300

34 2.100 3.600 3.350 30000000000 0.0008 0.300

35 1.700 3.700 3.350 30000000000 0.0008 0.300

35| 0.900 4.200 3.350 30000000.000 1] DDDBl o BEILI
Ll >

—_p Ok Sawve as | / “iew bModel | Close Window
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Click on each node shown in the listbox and edit the values in the edit boxes above. After
changing each value click on update. Once the Input datais complete, Click on "View
Model ' to view ablock diagram of Rotorl and Rotor2.

<} Figure No. 1 =1 E3

File Edit “iew Inzert Toolz “Window Help

D=z EaE| A A ®E o

Block Representation of the Rotoar |

¥+ ¥ + ++ F+4FLHFF F44

0 10 20 30 A0 50
Length

Diarneter
=
L
_*_
_*_

Block Representation of the Rotar |l
10

of ¥ + + 4+ 4 ++ ++++++H

—1|:|— 1 1 1 1 1

Diameter

Table 1. Lumped Parameters and cross-sectional properties of the Power Turbine Rotor
(Rotorl)

Station | Weight | Length | Shaft Shaft I Ip It E*10-
No. (Ib) (in) diaout | diain (in"4) 6

1 0740 |13 2.00 1.53 0.52 0.0 0.129 30.0
2 1539 |13 2.10 1.53 0.69 0.0 0.297 30.0
3 1989 |3.0 2.10 1.53 0.69 0.0 0.977 30.0
4 1679 |43 2.10 1.53 0.69 0.0 2.749 30.0
5 2082 |48 2.30 1.80 0.86 0.0 4.623 30.0
6 2187 |48 2.30 1.80 0.86 0.0 5.365 30.0
7 1851 |44 1.80 1.30 0.38 0.0 4.139 30.0
8 1516 |44 1.80 1.30 0.38 0.0 2.913 30.0
9 1120 |21 1.80 1.30 0.38 0.0 1.701 30.0
10 089 |31 1.80 1.30 0.38 0.0 0.837 30.0
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11 0.896 2.1 1.80 1.30 0.38 0.0 0.837 30.0
12 0.723 2.1 1.80 1.30 0.38 0.0 0.489 30.0
13 1.429 2.0 2.60 1.40 2.05 0.0 1.181 30.0
14 2.187 2.1 2.60 1.40 2.05 0.0 1.959 30.0
15 2.027 1.7 2.60 1.40 2.05 0.0 1.735 30.0
16 1.387 | 0.9 2.60 1.40 2.05 0.0 1.007 30.0
17 1.173 2.4 2.25 1.57 0.96 0.0 0.953 30.0
18 1.386 2.4 2.25 1.57 0.96 0.0 1.317 30.0
19 26501 | 2.8 2.25 1.57 0.96 625.0 | 314.067 | 30.0
20 31.028 | 2.0 1.80 1.50 0.27 704.5 | 353.257 | 30.0
21 2.660 15 3.30 1.50 5.57 0.0 1.602 30.0
22 1440 |0.0 0.00 0.00 0.00 0.0 1.453 0.0

Table 2. Lumped Parameters and cross — sectional properties of the Gas Generator Rotor

(Rotor2)
Station | Weight | Length | Shaft Shaft I Ip It E*10-6
No. (Ib) (in) dia dia (i) | (Ib— (Ib-

outside | inside in"\2) in2)
23 0693 |30 2.80 2.40 1.39 0.0 1.110 30.0
24 2270 | 4.3 3.05 2.45 2.48 0.0 5.048 30.0
25 9389 |48 11.00 |1097 |7.81 111.0 |65417 |30.0
26 13514 | 4.8 11.00 |1086 |3590 |297.5 |182.243 |15.0
27 7600 |44 11.00 |10.79 |5333 |3015 |215.078 |12.8
28 11404 |44 11.00 |1066 |3590 |232.0 |177.576 |19.3
29 3126 |21 3.85 2.80 7.77 1170 |86.170 | 27.3
30 2691 |31 3.39 2.90 3.01 0.0 5.078 30.0
31 1.697 |21 3.60 3.20 3.10 0.0 3.325 30.0
32 1270 |21 3.60 3.20 3.10 0.0 2.307 30.0
33 1239 |20 3.60 3.20 3.10 0.0 2.232 30.0
34 1.010 |21 3.60 3.35 2.08 0.0 1.840 30.0
35 0872 |17 3.70 3.35 3.02 0.0 1.600 30.0
36 1108 |0.9 4.20 3.35 9.09 0.0 2.039 30.0
37 27.605 | 2.4 9.40 9.00 61.19 |6125 |329.123 | 30.0
38 26.963 | 0.0 0.00 0.00 0.00 600.0 | 321.721 | 30.0
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Now the input screen for added masses on rotors opens up. Here the user can select the

nodes and enter the extra masses.

<} Untitled M= 3

| Dual rotor Gas Turbine Engine

ADDED MASS DATA INPUT FOR ROTOR 1

rass | rass It
Mode hlass B
s [Dos8s TETS1 05138
UIFDATE
Mode number hass hdass lp kdass It
4 0.00 .00 .01 -
5 0.0 0.00 0.07 J
E 0.0 0.00 0.07
7 0.00 0.00 0.01
= 0.00 .00 .01
a3 0.00 .00 0.oo
10 .00 0.oo 0.00
11 0.00 0.a0 0.00
12 0.00 0.00 0.00
13 0.00 0.00 0.00
14 .01 0.oo 0.01
15 .01 0.oo 0.00
16 .00 0.oo 0.00
17 0.00 0.a0 0.00
18 .00 .00 .00
19 07 1.52 K=
20 a.o0s 1.83 0.92
21 .01 0.oo 0.00 —
22 0.00 0.00 0.00 =
> Ok CLOSE |
=} Untitled M= E3

| Dual rotor Gas Turbine Engine

ADDED MASS DATA INFUT FOR ROTOR 2

rass | Fass It
MHNode Mass =
A [Gotes 07778 e
LIFDATE
Mlode number hass Mass lp kdass It
23 — ¥ .00 0.00 0.00
24 .ol o.oo0 .ol J
25 o0z 0.29 o117
| 26 003 0.7 047
(= =] 055
28 0.0z 0.E0 04aE
239 oo 0.30 022
20 oo 0.00 o0
1 000 0.00 o0
32 000 0.00 o0l
33 0.ao o.oo0 .ol
34 0.ao o.oo0 o.oo
35 0.ao o.oo0 o.oo
36 (N 000 o001
a7 o.07 000 085
a8 o.07 000 083

CLOSE |

After entering all the input masses for Rotorl and Rotor 2 Click on 'OK".
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Rotorl added Mass

Node Number Mass Mass Ip Mass It
19 0 1.6191 0.8136
20 0 1.8251 0.9152
Rotor 2 added Mass

Node Number Mass Mass Ip Mass It
3 0 0.28719 0.16941
4 0 0.76907 0.4719
5 0 0.77788 0.55675
6 0 0.59794 0.45961
7 0 0.30174 0.22305
15 0 0 0.85249
16 0 0 0.83332

=} Untitled

| Dual rotor Gas Turbine

Please enter RPM of :

ROTOR 1 | 16000

ROTOR 2 15000

(o] .o

Now enter the RPM for Rotorl and Rotor2

<} Untitled M= 3

PLEASE ENTER THE NUMBER OF BEARINGS IN THE SYSTEM

E

CIE
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<} Untitled [_ [ =] x|

Bearing Location ,Stiffness and Damping

Bearing Stiffnes:  Auial and A adial D amping®

Bearing number From Mode To Mode™
Aial R adial
1 1 [ o [ 233000 [ 1115000 1
™ Raotord ™ Rotorl
— > ¥ Rator2 ™ Fotor?
UFDATE |¢——

Bearing Stiffness

Brg Mumber From Mode Damping
il Fiadial

e 1.000

1 1 233000.000  1115000.000
2 3 1] 224400000 9335000, 000 1.000

3 g 1] 224400000 933500000 1.000

4 13 1] E22000.000 1122000000 1.000

a] 2 1] 218300.000 1025000. 000 1.000

& 21 1] 207200.000 87 3700.000 1.000

7 5 3 S000.000 SO0000. 000 20,000

=] 13 1 S000.000 SO0000. 000 20,000

|
.

= 0 means Ground
*Applies to X7 2 CLOSE

In this panel the User inputs the Bearing Location, Stiffness and Damping. For each
bearing the user specifies the from node and ato node. Further the user has to check
whether the Node isin Rotorl or Rotor 2 or the if it is connected to the ground by using
the checkboxes. After entering each value Click 'UPDATE'.

= Untitled

AMNALYSIS TYFE

I S TRAMSIENT RESPORSE

> CIK CLOSE

Here the Transient response is selected as the Analysis Type.
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=2 Untitled

Imbalance scresen

Mode nurnber Imbalance b ass ECE::;’:E“.‘-—' PT;Z‘E;‘Z:?::E
[ [T 0,001 =1415
__urDaTe |

1 0.000 0.000 0000 =
2 0.000 0.000 0.000

= 0.000 0.000 0.000

4 0.000 0.000 0.000

5 0.000 0.000 0.000

G 0.000 0.000 0.000

7 0.000 0.000 0.000

] 0.000 0.000 0.000

E] 0,000 0,000 0,000

10 0_000 [aNalala} 0000

11

1z 0.000 0.000 0.000

13 0.000 0.000 0.000

14 0.000 0,000 0.000

15 0.000 0.000 0.000

16 0.000 0.000 0.000

17 n nnr n nrr e -

_oe | CLOSE

Here the user inputs the unbalance masses at specific nodes. Click on the node number
and after entering the values,click on 'UPDATE'.The Imbalance is appied after 0.0375
secs to simulate the Blade loss event.

Node Number Imbalance Mass Eccentricity Length | Phase Angle
(Radians)

11 1.141 0.001 3.1415

20 1.141 0.001 0

Please enter the following data:

Total Simulation time 0.08
Fadial Rub Contact stiffness 250000
Fadial Bub dry Friction Coefficient 0.1
Fub Mode 12
Upper Limit Frequency in (Hz) far
Camponent Mode selection in kModal 1000
=ynthesis
RN

Thisisthefina input screen for the GUI. Enter all the data and click 'RUN' to run
The simulation. After the simulation runs,the transient response output screen will show
up.Rub can be be implemented only for Rotor1 and a clearance of 0.01” isbeing used to

simulate Rub.
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Untitled

Select the various features in this screen to view the respective output properties of the
two rotors and click on 'Plot’.
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Output Characteristics

(Displacement of Rotor 1in X & Y directions)

<) Figure No. 1 M=l E3
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<} Figure No. 2 H=E
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Displacement of Rotor 1in Z direction & Rotor 2 in X direction

I[=] E3

<} Figure No. 3

b

== =1L W W AR-F-Es

Window Hel

File Edit “iew Inzett Tools

Displacemnent (z direction) ws time plot of Rotor] at Mode = 12

0.015
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awaaedsig
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<} Figure No_ 4
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=1 E3

s tirme plot of Rotar? at Node = 15
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Displacement of Rotor 2inY & Z directions
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Shaft Orbits of Rotor 1 & 2 at User specified Nodes (3 & 7)

<} Figure No. 7 [_ (O] %]

File Edit “iew Inhsett Tool: Window Help
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Shaft Orbit of Rotor! at Mode = 12
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<} Figure No. 8 M=l E3
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